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Abstract
The study of of closely related species is crucial to gain insights into evolutionary
processes driving the split between sister species. Sister species are closely related
species pairs with common ancestry, thus are positioned adjacently on a phyloge-
netic tree. In some cases, these sister species can be morphologically similar but
produce infertile offspring with reduced fitness due to genetic incompatibility (such
as mules which are horse-donkey hybrids). Over the course of time, the genomes of
sister species can become incompatible through the accumulation of genetic variation
resulting in the formation of new species. The process of accumulating genetic differ-
ences in closely related species or populations is known as ’Divergent evolution’ and
this eventually leads to Speciation. Evolutionary Genomics is an inter-disciplinary
field of science which helps to study evolution by deciphering the genetic compo-
nent of organisms through genome sequencing. With the advent of new sequencing
technologies, the study of previously unstudied non model organisms became easier
through high throughput techniques.
In this thesis, the European green lizards i.e. the Lacerta viridis complex (referred
to here as lacertids) have been used as models to study divergent evolution. The
phylogeography of the European green lizards is well studied and they have been
delineated into two separate species (L. viridis and L. bilineata) after hybridisation
experiments between different lacertid populations produced infertile progeny. The
split between L. viridis and L. bilineata is estimated between 3-6 million years ago.
In order to study the divergent evolution of L. viridis complex and the factors re-
sponsible, I analysed the genomes and transcriptomes of the two sister species L.
viridis and L. bilineata along with an additional lineage (adriatic lineage) of this
complex. Genomes of L. viridis and L. bilineata (one individual each) were se-
quenced through short read Illumina and long read PacBio sequencing, and their
genomes were de novo assembled (without any guided references) applying hybrid
methodologies. The genome of the adriatic lineage, located in a suspected secondary
contact zone between L. viridis and L. bilineata, was sequenced through Illumina
sequencing alone. Their transcriptomes were sequenced from five different tissues
(brain, heart, liver, kidneys and gonads) to provide better genome annotations and
study gene expression and alternative splicing variation between lacertids.
The assembled mitochondrial genomes of the three lacertid lineages revealed a dis-
tinct phylogeny of the European green lizards with L. bilineata and the adriatic
clustering together while L. viridis branched off before in the phylogenetic tree.
High quality whole genome assemblies were produced for both L. viridis and L.
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bilineata through hybrid methods combining both Illumina and PacBio sequencing
data. Their genomes were compared to detect large genomic sequence variation
along with single nucleotide polymorphisms (SNPs). The noncoding RNA elements
were predicted and their diversity was estimated based on secondary structures. The
varying pressures of selection were studied through the coding sequences from the
transcripts.
A catalogue of the existing single nucleotide polymorphisms (SNPs) and large struc-
tural variants (SVs) was created. The comparison of orthologous coding regions
helped identify divergence through gene function and their probable biological im-
plications within and between the two lacertids. The genes involved with brain
development, behaviour and reproductive functions diverged between the lacertid
species. There was a significant over-representation of diverged genes associated
with mRNA splicing and UV-B response of the skin. The difference in the skin re-
sponse to UV-B exposure is a probable trait influencing preferential mating between
lacertids. The regions accumulating divergence and areas of low recombination i.e
inversions were associated with the genes implicated in species-specific positive se-
lection, thus acting as drivers to the split between the two lacertid species.
Lacertid evolution was also studied through transcriptomic data from the three
lineages. The gonad specific genes revealed accelerated evolution compared to other
tissues. Significant enrichment was observed for molecular functions related to neu-
rological development and splicing differences for genes exhibiting tissue-specific ex-
pression and differential alternative splicing patterns. From the genome wide SNPs,
the adriatic lineage seems to be an admixed population between L. viridis and L.
bilineata with lineage specific genetic drift due to a high level of divergence between
the three lineages (more than two million years).
In summary, high quality genome and transcript assemblies of the lacertid lineages
in addition to a catalogue of genomic variants between L. viridis and L. bilineata
are provided. The driving factors of divergent evolution of the lacertid sister species
were identified as synergistic effects of preferential mating due to differences in UV-
response of the skin, diversification of regulatory elements, gonad specific acceler-
ated evolution, association of inversions with adaptive genes and divergence in genes
related to brain development, behaviour and reproduction. This study provides re-
sources to study the speciation in European green lizards in particular and the
mechanisms leading to the evolutionary divergence between closely related lineages
in general.
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Chapter 1
An introduction to evolutionary
genomics
1.1 The Biology of Genomes
In order to understand genomics, biological knowledge behind genomes is essential.
The field of evolutionary genomics is based on the application of genomics techniques
to study evolution. To understand the methods and techniques applied in evolu-
tionary genomics, a basic understanding of genomes, sequencing, genes, variation
and speciation is needed.
1.1.1 What is a Genome?
All living organisms consist of genetic material which constitutes the genome of that
organism. The genomes of most living organisms is made up of Deoxyribonucleic
acid (DNA), with the exception of a few viruses which are made up of Ribonu-
cleic acid (RNA). The genome includes both genes which encode for proteins and
noncoding DNA, some of which have gene regulatory functions. It contains all the
instructions for several complex cellular and biological functions required for the
proper functioning and survival of the organism.
1.1.1.1 Nuclear genome
The genome present in the nucleus of eukaryotes is called the nuclear genome. In
eukaryotes including higher order organisms (plants and animals), nuclear genomes
are physically present in condensed linear structures called chromosomes. The kary-
otype of any organism is the number of complete sets of chromosomes in the cell,
also known as ploidy. Polyploidy is common in plants (more than two sets of chro-
mosomes), while most animals are diploid. For example, humans are diploid an-
imals containing 46 chromosomes in total (2n=46). During sexual reproduction,
the offsprings of diploid parents receive one set of chromosomes from the each par-
ent. Progeny from the same parents share the same genetic information, thus their
genomes are highly similar. By virtue of common ancestry, these progeny share
similar morphological or physical characteristics (phenotype) and biological traits.
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1.1.1.2 Mitochondrial genome
The mitochondrial DNA (mtDNA) is different from the nuclear DNA. The mito-
chondrion of the cell has a distinct genome (mitogenome) inherited maternally with
a distinct evolutionary origin compared to the nuclear DNA (Taanman, 1999). The
mitogenomes are organised circularly and consist of protein-coding genes, transfer
RNAs (tRNAs) and ribosomal RNAs (rRNAs) (Figure 1.1). The mtDNA has a
higher mutation rate than nuclear DNA and is useful for assessing the genetic rela-
tionships between individuals of a species in addition to resolving the phylogenetic
relationships between closely related lineages.
Figure 1.1 – The circular organisation of the mitogenome in humans. It consists of 13
protein-coding genes, 22 tRNAs and 2 rRNAs with overlapping genes. The organisation
of mitogenomes in other metazoans is similar with size variations. Note - Picture source:
Wikipedia (https://en.wikipedia.org/wiki/Mitochondrial_DNA)
1.1.2 Genome Sequencing
The genome is organised as ordered sequences similar to strings of alphabets on
the chromosomes in living cells. The building blocks of DNA are organic molecules
called nucleotides. There are four nucleotides in DNA - i) Adenine (A), ii) Guanine
(G), iii) Cytosine (C) and iv) Thymine (T). RNA differs from DNA in the fourth
nucleotide i.e. Thymine (T) is replaced by Uridine (U). The whole genome sequence
of an individual is the complete list of nucleotides that make up all its chromosomes.
DNA is normally double stranded, and the sequence of each strand is complemen-
tary to the other. Thus number of nucleotides are commonly referred to in base
pairs (bp).
14
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Genome sequencing is the process of determining the exact order of nucleotides of
the genome. The genetic material for genome sequencing can be extracted from
any biological sample containing DNA. Saliva, blood, epithelial cells, bones or any
DNA-containing cells serve as samples for genome sequencing. The total content of
the DNA can be quantified and the total DNA constitutes the genome size of the
organism, expressed in base pairs (bp). For novel genomes of species which have not
been sequenced prior, the genome size is quantified through laboratory techniques
such as flow cytometry, densitometry or other biochemical analysis by weighing the
DNA in picograms (pg). Animal genome size database is an existing resource of
estimated genome sizes (http://www.genomesize.com/). The genome size varies
greatly across different taxa, generally the genomes of plants are larger than animals.
The largest animal genome belongs to marbled lungfish (Protopterus aethiopicus)
which is 130 Gbps (132.8 pg DNA weight) and the largest known plant genome is
of a rare Japanese flowering plant named Paris japonica with 149 giga basepairs
(Gbps) and DNA weighing 152.23 pg (Pellicer et al., 2010). The first whole genome
to be sequenced was Haemophilus influenzae whose entire genome was 1.83 mega
basepairs (Mbps) (Fleischmann et al., 1995). DNA sequencing is a key technology
in many areas of research such as precision medicine, anthropology, plant breeding,
evolutionary biology and biodiversity conservation (Lee et al., 2013). Thousands
of genomes of various plants, animals and bacteria have been wholly or partially
sequenced till date.
The first generation DNA sequencing methods were the highly accurate Sanger
method (chain termination sequencing) and Maxim-Gilbert method (chemical se-
quencing). Both these techniques were laborious and expensive. The Maxim-Gilbert
method involved chemical modification of DNA and radioactive labelling followed
by cleaving into smaller fragments (Maxam and Gilbert, 1977). These fragments
are run on gels to capture the DNA and auto radiographs are used to read the
DNA sequences on the gels. Sanger sequencing method is based on DNA replication
reaction through polymerase chain reaction (PCR) (Sanger et al., 1977). PCR is a
powerful molecular biology technique developed by Kary Mullis in 1983 to create
multiple copies of target DNAs through amplification reactions. Primer sequences
which attach to desired regions of the DNA, template DNA from the sample and
DNA polymerases which amplify the DNA targets are run over several cycles of
temperature controlled reactions (Mullis and Faloona, 1987). The DNA amplified
from the PCR reactions are run on gels to read the sequences based on their sizes
(each nucleotide gives a different band size on the gel). The conventional sequencing
techniques have been used to sequence either parts of genes or specific regions of
interest in the genome.
The genome of any complex organism cannot be sequenced in a single run with
traditional methods since the reactions used to sequence DNA were effective in se-
quencing only hundreds to a few kilobases (kb) of DNA. This limitation in product
length made it necessary to sequence the genomes in many smaller blocks. These
are computationally ordered into longer sequences based on similarity overlaps of
smaller adjacent sequences. The first whole genome of H. influenzae was sequenced
through shotgun sequencing where long DNA strands were broken into smaller frag-
ments sequenced separately and subsequently reassembled computationally (Fleis-
chmann et al., 1995). Initially, a top-down approach was used in shotgun sequencing
where a physical map representing parts of a chromosome were generated prior to
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sequencing. This reduced the computational requirements and the data complexity.
Sequencing of the draft of the whole human genome (3.2 Gbp) released in 2001 was
also accomplished through shotgun sequencing technology (Consortium, 2001).
The need for low sequencing costs drove the development of high-throughput se-
quencing (HTS) technologies, also known as Next generation sequencing (NGS).
NGS methods massively parallelized the DNA sequencing process producing mil-
lions of sequences concurrently. The advent of NGS helped to sequence genomes
from multiple species in addition to resequencing existing genomes to study pop-
ulation variation (ancestry studies) or for medical diagnostics (Lee et al., 2013).
Additionally, the highly unstable RNA could be sequenced through transcriptomes
sequencing (RNAseq). In RNAseq, the RNA from tissues is isolated and reverse
transcribed to the stable complementary DNA (cDNA) which can be sequenced
easily. The sequenced RNA from several samples can be quantified to differentiate
the gene expression patterns between tissues, individuals or species.
There have been several NGS methods over the last decade such as pyrosequencing
(454), ion semiconductor (Ion Torrent sequencing), sequencing by synthesis (Illu-
mina) and sequencing by ligation (SOLiD sequencing). Each of these methods have
their distinct techniques, costs, throughput and accuracies. The most widely used
sequencing method is Illumina due to its high accuracy (99.9%), low cost and high
throughput (Glenn, 2011). Due to the high throughput, the sequencing errors from
NGS could be removed by comparing the multiple copies of the same DNA sequence.
Illumina sequencing protocol is either single-end in which DNA fragments is read
from one end or paired-end where DNA fragments are read from both ends, for-
ward and reverse. The sequences produced from the sequencers are called reads and
the high quality Illumina short reads were 36-250 basepairs (bp). The paired-end
method of Illumina sequencing is advantageous over single-end since it provides the
orientation of the reads spanning over smaller repetitive sequence elements which
hinder proper genome reconstruction (Asan et al., 2012). In paired end sequencing,
sequence fragments are read in both directions i.e. forward (F) and reverse com-
plementary (R). The pairs are oriented as forward-reverse (FR) and the reads are
separated by a specific distance known as inner distance (DID). The sum of the
length of the two reads (LR) and their inner distances sums up to the insert size
(DIS) (1.1).
DIS = DID + 2(LR) (1.1)
Towards the end of each read is an adaptor which helps in the attachment of
the read to the flow cells of the sequencer, which amplify the DNA. One of these
two adaptors consists of a small index/barcode sequence. The total length of the
sequence including the insert sizes and the two adaptors form the fragment length
(DFL) of the library (Figure 1.2). Multiple libraries can be prepared with varying
insert sizes or fragment lengths.
The recent introduction of long read sequencers has revolutionised genome se-
quencing. It is now possible to read DNA fragments ranging from a few kilo basepairs
(kbps) to almost a mega basepair (Mbp). PacBio sequencing and Oxford Nanopore
sequencing are the current long read HTS technologies. PacBio is known to have a
random error model and produces bases from tens of kbps to more than 100 kbps
(Rhoads and Au, 2015). It is known to have upto 85% accuracy from random errors,
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Figure 1.2 – Paired-end sequencing through Illumina. The forward (F) and reverse
(R) read pairs are separated by an inner distance (DID). The insert sizes and fragment
lengths include the read sizes and adaptor sizes.
predominantly from insertions and deletions (indels). Nanopore sequencers are more
recent, very cost efficient however with lower throughput and their error profiles are
not completely known (expected accuracy of about 90%) (Li et al., 2016).
1.1.3 How does DNA Replicate and Proteins Produced?
During cell division, the two strands of DNA split into two separate single strands
through unwinding mediated by helicase enzymes. Each of these strands acts as a
template for the new strand of complementary DNA (cDNA). This process of cell
division to copy the DNA into each new cell is known as DNA replication. This
is a complex process controlled by base-pairing between the two DNA strands and
directed by DNA polymerase enzymes which are the basis for PCR reactions. Other
enzymes such as RNA polymerases, exonucleases, DNA ligases work in tandem with
DNA polymerases during DNA replication. However, this process is not entirely
error free and incorrect bases get incorporated during replication leading to mis-
matched base pairing. Proofreading is performed by DNA polymerases and DNA
repair enzymes in order to correct replication errors. However, some of these mu-
tations survive and get incorporated into the genome leading to cell death, genetic
disease, cancer. Mutations can also provide competitive advantage to the organism
over its neighbours, thus driving evolutionary changes between species.
"DNA makes RNA makes proteins" - this is the central dogma of molecular biology
(Crick, 1970) (Figure 1.3). The process through which DNA is copied to RNA is
called transcription. This RNA is used to produce proteins through the process of
translation. During transcription, pre-messenger RNA (pre-mRNA) is formed with
the involvement of RNA polymerases, this pre-mRNA is edited to produce desired
mRNA molecules through RNA splicing. The transcriptional mechanism is similar
to DNA replication with the exception that only one strand is transcribed. The
gene containing strand is referred to as the sense strand while the complementary
one is the anti-sense strand.
The transcribed mRNA is transported from the nucleus to the ribosome in the
cytoplasm. Transfer RNA (tRNA) directs protein synthesis through the process of
translation. Each three-base stretch of mRNA is known as a triplet codon, and each
codon contains information for a specific amino acid. The mRNA passes through
the ribosomes with each interaction of specific triplet codon with the anti-codon of
a specific tRNA to produce amino acids. These amino acids are joined together
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Figure 1.3 – Central Dogma of Molecular Biology. One of the DNA strands is pro-
cessed into RNA through transcription, the mRNA transcript encodes amino acids which
form functional proteins. The regulatory sequences, ORFs, introns, untranslated regions
(UTRs) are all part o the transcription process. Post transcriptional modification re-
moves the introns and adds 5’ methylation cap and the poly-A tail which guides the
ribosomes during translation.
into protein chains. The four bases in RNA (A,G,C,U) form 64 possible triplet
codes (43 = 64). These 64 triplets are divided into 22 separate codes i.e. 20 amino
acids, one start codon and a stop codon. The protein sequence starts with a start
codon (AUG or GUG coded by Methionine) and proceeds until a stop codon is
encountered (UAA,UAG or UGA). This redundancy of the genetic code exhibited
as the multiplicity of codon combinations that specify different amino acids is known
as the codon degeneracy (Sonneborn, 1965) (Figure 1.4).
1.1.4 Genes and Other Genomic Elements
A majority of the genetic characteristics of an organism can be explained through
regions encoding proteins. The genomes of prokaryotes consists of genes entirely
composed of exons which encode for proteins. In eukaryotes, the functional coding
regions make up a small fraction of the entire genome. In human genomes, 1%
is functional and coding while more than 4% of the genome is functional albeit
noncoding (Apostolico et al., 2006). The multicellular eukaryotic genomes comprise
variable amounts of repetitive DNA. The gene structure in eukaryotes is composed
into untranslated regions (UTRs), coding exons and noncoding introns between
adjacent exons. Apart from the genes, there are other noncoding RNA elements
in eukaryotic genomes which play a major role in gene regulation, interaction and
expression.
The DNA sequences carrying the instructions to encode proteins are called coding
sequences (CDS). The proportion of CDS in the genome varies widely across species.
Species with bigger genomes do not necessarily contain more genes as a majority
of the genome can comprise of repeats. Well-studied multicellular eukaryotes with
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Figure 1.4 – Degeneracy in genetic code where multiple triplet nucleotides code for
the same amino acid. The start and stop codons have been highlighted in bold. The
figure has been adapted from OpenStax (2018).
small genomes (less than 300 Mbp) such as Caenorhabitis elegans and fruit fly
(Drosophila melanogaster), possess more non-repetitive DNA than repetitive DNA
(Katti et al., 2001). Higher eukaryotes tend to have more repetitive DNA than
non-repetitive ones. The human genome project estimated 20,000-25,000 protein
coding genes in the 3.2 Gbp human genome, over two-thirds of which is repetitive
(de Koning et al., 2011). In some plants, amphibians and crustaceans, the proportion
of repetitive DNA is more than 80% (Rivarola-Duarte et al., 2014).
1.1.4.1 Structure of the gene
Genes contain the genetic information for cell survival, functioning and reproduction.
They form the protein end-products which have a huge range of biological and
biochemical functions. Specialised sequence elements are organised in a sequential
order within genes. Prokaryotes and eukaryotes differ in their gene structure, thus
their transcriptional and translational machinery is divergent (Struhl, 1999). This
divergence can be primarily attributed to post-transcriptional modifications of pre-
mRNAs and the production of mature mRNA for protein translation (Kozak, 1999).
The sense strand of DNA which encodes information to form proteins runs in the 5’
to 3’ direction. This information from the sense strand is read by RNA polymerase
enzymes to transcribe RNA into the protein coding mRNA or noncoding RNA. The
mature mRNA is derived from pre-mRNA after the introns are spliced (Figure 1.5).
Introns are absent in most prokaryotes and eukaryotic introns are considerably
longer than their exons (Hong et al., 2006). The spliced exons are joined together to
form contiguous protein-coding regions. These exons can be individually included or
excluded to produce variations in splice patterns through alternative splicing. These
splice variants can produce different configurations of protein products. Each pos-
sibility is known as an isoform and they influence biological activity of the protein
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Figure 1.5 – The structure of a gene in eukaryotes. The regulatory sequences are on
the flanking ends of the region which is encoded into protein sequences. The introns
are removed during processing and only the exonic regions including the UTRs remain
after transcription.
differently compared to other isoform combinations. Eukaryotic post-transcriptional
processing involves the addition of a 5’ cap to the mRNA start region and a poly-
Adenosine (poly-A) tail to the end of the mRNA (3’ region) in order to stabilise
and transport the mRNA from the nucleus to cytoplasm. There are six different
frames in the mRNA which could be to translated into amino acids, the building
blocks for proteins. However, only one of the frames translates into a proper pro-
tein product without premature truncation, this frame is the open reading frame
(ORF) of a gene (Sieber et al., 2018). Prokaryotes contain multiple ORFs on a
single mRNA since their transcription and translation occur simultaneously in the
same location (absence of nucleus). The gene structure comprises of the ORF; the 5’
and 3’ UTRs at the two ends which are transcribed but untranslated in addition to
the regulatory elements. The operator, promoter, enhancer and silencer are part of
the regulatory sequences. There are more regulatory elements for eukaryotic genes
directly controlling gene expression compared to prokaryotes. These elements can
be adjacent to the transcribed region (cis-acting) or separated by several kilobases
(trans-acting). The promoter sequence is located at the 5’ end of the gene and marks
the start site for transcription by binding to the RNA polymerase during transcrip-
tion. The 3’ UTR contains the terminator sequence which releases the bound RNA
polymerase, thus marking the end of transcription. The repressor which activates or
deactivates transcription binds to the operator. The enhancer and silencer regulate
gene expression positively or negatively increasing the levels of the expressed gene
or completely shutting it down respectively. Genes can be regulated by multiple
enhancer and silencer sequences that modify promoter activity by binding to the
activator or repressor proteins. The binding of different transcription factors reg-
ulates the rate of transcription initiation at different times and in different cells.
Transcription factors are also proteins with specialised functions of regulation the
rate of transcription which is the product of all of the elements combined for genes
with multiple regulatory elements.
1.1.4.2 Noncoding RNA
The genome contains noncoding RNA (ncRNA) sequences that are transcribed from
DNA but not translated into proteins. RNA genes are the sources from which
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functional noncoding RNAs are transcribed. The functionally important groups
of noncoding RNAs incude transfer RNA (tRNA), ribosomal RNA (rRNA), long
noncoding RNA (lncRNA), long noncoding inter-genic RNA (lincRNA) as well as
shorter RNAs such as micro RNA (miRNA), small nucleolar RNA (snoRNA) and
small nuclear RNA (snRNA).
There are thousands of functional ncRNAs in a genome, however the functions of
several ncRNA are unknown. Transcriptome sequencing and bioinformatics methods
help in the identification of ncRNAs, a majority of which are assumed to be spurious
products of transcription. The evolutionary conservation of ncRNAs across several
related species imply their functional importance in biological and cellular processes
(Gardner et al., 2015). Gene expression is highly regulated by the large number
of ncRNAs present in the 5’ UTRs of protein coding genes (Mattick and Makunin,
2006). NcRNAs have also been linked to diseases including cancer, developmental
and neurodegenerative disorders in addition to from reproductive functions such as
dosage compensation through gene inactivation. Several knock out studies till date
have been performed to validate the functions of many ncRNAs (Scaria and Pasha,
2013).
The primary function of snRNAs is the processing of pre-mRNA, regulation of tran-
scription factors and maintaining the telomeres. tRNAs and rRNAs are central in
protein translation since rRNAs catalyse the translation process while tRNAs form
adaptor molecules between mRNA and protein product. snoRNAs, commonly re-
ferred to as guide RNAs, primarily guide chemical modifications of rRNAs, tRNAs
and snRNAs. miRNAs are involved in post-transcriptional regulation and RNA si-
lencing.
1.1.4.3 Repetitive elements in the genome
There are several types of repetitive elements in the genome of which the major
classes are simple repeats, tandem repeats, transposons and retrotransposons (Bis-
cotti et al., 2015). Tandem repeats are short noncoding sequences (5-35 bp) repeated
across the genome. These make up about 4% of the human genome. They can be
functional, like in the case of TTAGGG tandem repeat in mammals protecting the
telomeres. About 65% of the human genome is considered repetitive (Consortium,
2001).
Sequences of DNA with a defined structure and the ability to change their genomic
location are known as Transposable elements (TEs). The TEs are categorized as
class I TEs, which replicate by a copy-and-paste mechanism, or class II TEs, oper-
ating through a cut-and-paste mechanism. TEs act as driving forces of genome evo-
lution in eukaryotes as their movements can interrupt gene structure disrupting its
function, produce duplications through homologous recombination and shuﬄe exonic
or regulatory elements. Retrotransposons are DNA repeats that can be transcribed
to RNA and duplicated to another genomic region. They are known accelerators of
genome evolution influencing gene function and expression, copy number variation
and genomic stability (Cordaux and Batzer, 2009). They are broadly divided into
Long terminal repeats (LTRs) and Non-Long Terminal Repeats. Non-long termi-
nal repeats are widely spread across eukaryotic genomes and are further classified
as long interspersed elements (LINEs), short interspersed elements (SINEs), and
Penelope-like elements. LINEs encode genes for reverse transcriptase and endonu-
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clease, making them autonomous transposable elements. The human genome has
around half a million LINEs, encompassing 17% of the genome. SINEs such as Alu
elements (Alus) are usually less than 500 bp and are non-autonomous, so they rely
on the proteins encoded by LINEs for transposition. Alus occupy about 11% of
the human genome with around 1.5 million copies (Consortium, 2001). In prokary-
otes and lower eukaryotes (below molluscs on the tree of life), the genome size is
positively correlated with the morphological complexity, however the correlation is
negative in higher eukaryotes as a direct influence of repetitive DNA.
1.1.5 Genome Evolution
Genomes are dynamic and evolve over time. The evolution of genomes across several
taxa can be studied through the comparison of various traits such as karyotypes,
genome size, gene content, gene order, codon usage bias and GC-content (Hardison,
2003). These traits serve as indicators of genetic diversity and variation between
populations within or between species. The difference between biological systems
over space can be estimated through their genome variation. Genome variation can
also arise in cells originating from an identical source from errors in the process
of DNA replication or exposure to mutagens that can damage DNA. Within hu-
mans, some genomic variants are known to cause lethal diseases such as cancers
or abnormalities in healthy individuals. The variant of a gene located at the same
genetic locus on a chromosome is called an allele and different alleles can result
in observable phenotypic variation between individuals. The allelic changes in in-
dividuals are also products of genetic recombination (Eyre-Walker, 1993). Genetic
recombination is the process of producing progeny with a combination of traits from
each parent through pairing of homologous chromosomes during sexual reproduc-
tion. Transposable elements are known to favour recombination and variation, thus
driving genetic novelty (Cordaux and Batzer, 2009). The prime source of genetic
variation are mutations, a majority of which are neutral (no effect) or deleterious
(removed). Genetic variation is shaped by natural selection through the favouring of
particular alleles within populations or species. Natural selection is the differential
adaptability, survival and reproduction of individuals due to phenotypic differences
or genetic advantages over their peers (Barton, 2010).
Genetic variants can be identified from phenotypic variation in quantitative or dis-
crete traits; changes in alleles at a particular gene locus or variation at the protein
level (Nevo and Beiles, 2011). Sequence variation can be identified through changes
in single bases, long nucleotide sequences or rearrangements of chromosomal seg-
ments. Small scale DNA variation occurs through single nucleotide polymorphisms
(SNPs) or small insertions and deletions (indels). Large scale variation is a conse-
quence of larger indels, structural variants (SVs) through duplications, inversions
and transpositions or translocations .
SNPs are the most abundant variants between individuals and populations. SNPs
occur in coding regions of genes, noncoding regions of genes, inter-genic regions,
regulatory elements and noncoding RNA. SNPs in coding regions do not necessarily
change protein function or alter protein structure owing to the degeneracy of the
genetic code. Within coding regions, the SNPs can either be (i) synonymous with-
out changing the amino acid or (ii) non-synonymous through the alteration of the
encoded amino acid. Non-synonymous SNPs can further be categorised as missense
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(functional change due to change in protein sequence) or nonsense (loss of protein
function due to premature stop during translation). SNPs in noncoding regions and
introns can affect gene splicing, degradation of mRNA, transcription factor binding
activity or gene expression. The frequency of SNPs in noncoding regions is higher
than coding regions due to natural selection. Majority of the population genetic
research is based on SNPs since they can be easily identified through low coverage
sequencing of multiple individuals from different populations (Schiffels and Durbin,
2014).
A majority of the mutations occur in the intergenic regions (between adjacent genes)
without functional impact, however genic mutations can change protein function,
regulation or expression. Indels are the next most abundant form of genomic varia-
tion after SNPs. Deletion in genes or regulatory elements can lead to loss in protein
function or regulatory changes causing misexpression. Insertion of nucleotides se-
quences into a coding feature in the genome disrupting the coding capability or
gain novel functions. Duplications play a major role in shaping the genomes across
species and are fundamental to the creation of genetic novelty. Duplications may
range from extension of short tandem repeats, to expansion in gene copies or of gene
clusters, or even whole genomes. Inversions are caused by changes in genomic seg-
ment orientation (reversal) and are known causes of divergence accumulation since
they suppress recombination between homologous regions of chromosomes (Kirk-
patrick, 2010). Transpositions are the cut-and-copy type of insertions, which can
change the gene order affecting gene interactions and neighbourhood of gene clusters
(Baker, 2012).
1.1.6 Evolutionary Divergence between Closely Related
Species
Divergent evolution is the process of accumulating genetic and/or phenotypic dif-
ferences between populations of a single species leading to the formation of new
species. Divergent evolution can benefit a species by assisting in adaptive variation
i.e. accumulation of beneficial variants for adapting to new environments. These
can occur with regions accumulating divergence such as inversions (Kirkpatrick and
Barton, 2006). These new species have selective advantages over the older species
in adaptation to new environments. In contrast, convergent evolution arises due
to independent adaptation creating analogous structures such as the wings of birds
and of insects. Genetic divergence is the process through which two or more pop-
ulations from an ancestral species accumulate genetic variation over time. These
genetic differences among divergent populations can involve morphological, physio-
logical changes or biological changes (Nevo and Beiles, 2011). Genetic divergence is
the underlying principal mechanism of speciation and it accompanies reproductive
isolation due to natural selection or genetic drift. Genetic drift is the process of accu-
mulation of variation in the allelic frequencies between populations owing to loss of
a particular allele. This loss can be attributed to the disappearance or death of indi-
viduals containing that particular allele without passing them to further generations.
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1.1.6.1 Natural selection
Natural selection is a key mechanism of evolution in which the differences in adapt-
ability, survival and reproduction offer genetic advantage to an individual or a group
over the rest of the population. The evolution of population occurs due to the heri-
tability of these set of alleles. This fixation occurs due to higher reproductive success
of individuals with these set of alleles compared to the rest of the population. Natu-
ral selection results in adaptation evolution to particular ecological niches and may
eventually lead to speciation. It is analogous to artificial selection, which is inten-
tional and common in agriculture, domestication and liverstock breeding. Natural
selection can occur through reinforcement or due to environmental factors (ecolog-
ical selection). Reinforcement is the process of increase in reproductive isolation
after secondary contact of already separate species.
The theory of natural selection was put forward as an explanation for adaptation and
eventual speciation by Charles Darwin and Alfred Russel Wallace. This was later
elaborated in Darwin’s book "On the Origin of Species by Means of Natural Selec-
tion" (Darwin, 1859). Even though natural selection was highly debated initially due
to lack of explanation for diversity, Theodosius Dobzhansky established later that
mutation maintains the genetic diversity in a population or species. Dobzhansky
famously stated evolution is propelled by natural selection in his essay Nothing in
Biology Makes Sense Except in the Light of Evolution (Dobzhansky, 1973).
Selection can broadly be classified into three types based on allelic frequencies - 1)
purifying or directional selection which eliminates deleterious mutations 2) stabiliz-
ing selection which lowers the frequency of deleterious alleles and 3) positive selection
which favours beneficial mutations (Trotter and Spencer, 2007). The coding regions
in the genome and the regulatory elements are conserved by purifying selection due
to their biological importance. Stabilizing selection lowers allelic frequency of the
deleterious alleles which can lower fitness of the individual(s). This eventually leads
to the elimination of deleterious alleles from the population. Positive selection is
rare but highly interesting since it confers alleles essential for adaptation. A vast ma-
jority of the mutations in the genome are polymorphic between individuals, within
populations or species. Balancing selection is a type of positive selection which helps
in the maintenance of polymorphism. Positive selection that tends towards the fix-
ation of the beneficial allele is known as directional selection. Directional selection
occurs due to greater fitness of an allele than others, thus increasing its frequency
in the population.
1.1.6.2 Neutral model of molecular evolution
A large proportion of the genetic variation is functionally neutral with no significant
effect on fitness or phenotype. The neutral theory put forward by Motoo Kimura
states that a majority of the evolutionary changes including most variation within
and between species are not caused by natural selection (Kimura, 1991). These
changes are due to genetic drift of allelic mutations that do not affect fitness i.e.
the survival or reproductive capacity of the organism, hence deemed neutral. Most
mutations are deleterious and rapidly removed by natural selection, thus do not
make significant contributions to molecular variation. Most mutations that are not
deleterious are considered neutral rather than beneficial. This theory holds only for
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molecular level of evolution, phenotypic evolution is controlled by natural selection
as postulated by Charles Darwin. The evolutionarily neutral regions in the genome
with molecular differences are not subjected to natural selection. This theory is
supported by the degeneracy of genetic code. Since most changes are effectively
unexpressed or silent, these have no or very little biological effects. The genetic
variation is higher at neutral sites than those affecting fitness.
1.1.6.3 Reproductive isolation
Reproductive isolation (RI) is the process of eventual split between populations due
to their inability to produce fertile offsprings through sexual reproduction. The
offsprings produced due to RI between species can be sterile hybrids or those with
lesser fertility than their parental species. The most common examples are mules,
which are horse-donkey hybrids. In ecological selection, the environmental condi-
tions and resource availability are major causes of reproductive isolation. RI is key
for speciation as recognised by Ernst Mayr in his book "Systematics and the Origin
of Species" (Hey et al., 2005). It evolves in heterozygotes (different sex chromo-
somes such as XY in human males) through divergence due to incompatibility of
the acquired allele. According to the Bateson–Dobzhansky–Muller model, the in-
compatibilities (referred to as BDMIs) arise in the heterozygotes leading to complete
or partial reproductive isolation between populations, eventually leading to specia-
tion (Orr, 1995).
1.1.6.4 A genic view of speciation
A species is a group of freely interbreeding individuals that can produce fertile off-
springs. A species consists of multiple populations which are diverse albeit with no
barriers to reproduction i.e. absence of RI. However, the concept of what constitutes
a species is highly debated, since species borders are fluid in some taxa. In most
animals, there are clear demarcations between species due to a split. However, there
are groups such as stickleback fishes with a continuum of phenotypes rather than
a clear split between them (Millet et al., 2013). Speciation is the complex process
of formation of new species through the split of an interbreeding population due to
environmental, phenotypic or ecological factors. It occurs due to RI which reduces
gene flow between species. There are four main types of speciation -
i) Sympatric speciation - RI due to selective breeding between populations due to
morphological differences, such as difference in colouration of feathers leading to the
origin of new species.
ii) Allopatric speciation - formation of new species due to geographic isolation be-
tween populations, such as mountains or large water bodies.
iii) Parapatric speciation - separation of adjacent populations while entering new
habitats or niches, hybrid zones are formed where species contact occurs.
iv) Quantum or budding speciation - an abrupt species formation without interme-
diary changes due to chance or genetic drift.
The factors influencing speciation are mutation, recombination, hybridization, poly-
ploidy, isolation, genetic drift and natural selection. Mutations cause post-zygotic
isolation i.e. RI after mating due to divergence through genomic barriers to recom-
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bination (Wu and Palopoli, 1994; Noor et al., 2001). These barriers can be due to
rearrangements in the chromosome or loss/gain of chromosomal segments. These
new alleles bring about incompatibilities between different species. Hybridization
and polyploidy are common in plants. During hybridization distinct phenotypes
form providing a fitness advantage over the parents, however this is extremely rare.
Genetic fitness refers to the ability of the organism to survive, adapt and reproduce
rather than physical strength. Most animals have a diploid set of chromosomes (two
paired sets of chromosomes), while haploids (single set of chromosomes) occur in
plants and some insects such as honeybees (males are haploid). The diploid animals
have two sex chromosomes which represent their sex-determination system. There
are two common types of sex determination systems - (i) XY system where males are
heterogametic (XY) while females are homogametic (XX) and (ii) ZW system where
females are heterogametic (ZW) and males are homogametic (ZZ). Polyploidy is a
common phenomenon in plants but also occurs in few amphibians and reptiles. The
change in chromosome numbers due to polyploidy causes incompatibility between
species.
Speciation can be driven by the accumulation of genomic rearrangements in di-
vergent regions through inversions which suppress recombination. These regions
accumulate variation leading to increased genetic diversity due to incompatibility
between species, thus recombination does not occur. The genomic incompatibili-
ties which arise in the hybrids between reproductively isolated species are known
as Bateson-Dobzhansky-Muller incompatibilities (BDMIs) (Orr, 1996). Genetic in-
compatibilities can occur due to the fixation of alternative alleles at multiple loci
rather than at one locus. The alternative alleles in coding regions can be posi-
tively selected and accumulate in divergent regions through divergence hitchhiking,
which is a known driver for reproductive isolation (Seehausen et al., 2014). These
islands of divergence increase in size leading to genome-wide divergence accumulat-
ing at multiple regions in the genome, commonly referred to as genomic hitchhiking.
Genomic hitchhiking is an intrinsic form of reproductive isolation between closely
related species which can be viewed in the hybrids through signs of in viability or
complete sterility.
1.1.7 Comparative Genomics
Evolutionary differences between species can be studied through the comparison of
their genomes (Hardison, 2003). Phenotypic evolution and genetic variation can be
inferred through the comparative genomics of closely related species. Most func-
tional elements such as genes and regulatory elements in the genome are function-
ally conserved in their order or sequence across a wide range of taxa. Evolution-
ary changes between orthologous sequences can be studied through changes in nu-
cleotides or their flanking regulatory sequences. Closely related species share a high
degree of similarity in their genomes, mainly in functional regions.
Efficient computational techniques are required to analyse big data from sequencing
new species. The surge in sequencing data has opened venues for the development of
improved computational tools and increased the demand for computational resources
to handle data complexity. Computational tools are required for both data analy-
sis and data visualization of genomic data. Comparative genomic inferences made
through these advanced computational methods helps gather information regard-
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ing genetic variation to understand genomic diversity and evolutionary dynamics of
multiple taxa. This has been applied in the Great ape genomes project to study
primate evolution and their gene pools for conservation efforts (Wall, 2013).
The accumulation of genetic variation can occur through base mutations known
as single nucleotide polymorphisms (SNPs), change in gene order, loss or gain of
sequences (indels or duplications), change in orientation of a part of sequence (in-
version) or the movement of a region from one location in the genome to another
(transposition or translocation) (Nevo and Beiles, 2011). This variation can be
identified through the alignments of genomic reads of one species to the genome
of another to identify nucleotide changes through SNPs or structural variants (SVs)
through read mapping data (Alkan et al., 2011). Genomic variation can also be iden-
tified through changes in the gene order in the genomes of closely related species
or through whole genome alignments which help identify large conserved pairwise
blocks or genomic breakpoints leading to rearrangements (Kent et al., 2003).
Conserved functional elements can be inferred through the alignment of multiple
genomes using dynamic programming approaches, network analysis and data mining
to identify their functions. Protein structure is highly conserved due to its functional
significance, thus change in protein structure implies functional divergence. A ma-
jority of the coding sequences are either conserved or neutrally evolving i.e. changes
in nucleotides due not have functional changes affecting phenotypes since the gene
function is complemented by other essential genes. However, codon changes in single
copy orthologous genes between closely related species can imply functional changes
particular to a phenotype or favourable to a selected environment. These selective
changes are required for adaptation and these favourable changes can accumulate in
locally adaptive alleles through positive selection (Bazykin and Kondrashov, 2012).
Changes in noncoding repertoire (diversity and divergence) which are involved in
gene regulation and the repeat elements which evolve into regulatory elements
also contribute to genetic diversity between and within species. Noncoding RNA
(ncRNA) are functional due to their secondary structures which interact with the
genes. Base changes in orthologous functional noncoding RNA (ncRNA) leading
to secondary structural modifications can modify gene interactions and regulatory
networks (Lange et al., 2012).
1.1.7.1 Model and non-model species
A model species is a non-human model studied extensively to understand biological
phenomena with the expectation that the discoveries will provide insights into the
workings of other organisms (Fields and Johnston, 2005). This is dictated by the
concept of common descent of all living organisms wherein biological processes and
functions are conserved across related species over the course of evolution. However,
the extrapolation of the discoveries between species must be handled carefully since
some of these processes can be species-specific or environment dependent. Exper-
imentation on model organisms is feasible and ethical, hence they are used as in
vivo models to research human disease. In human disease association studies, since
human subjects cannot be tested, mice are primary animal models due to their close
taxonomic relationship to humans with over 90% genomic similarity (both are mam-
mals) and ease in experimentation.
Within a species, sequencing of multiple individuals is essential to understand ge-
netic diversity between populations. Genomes from multiple species need to be
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compared in order to understand the patterns of evolution through conservation
or variation of genomic elements. In order to gain deeper insights into evolution,
several species over wide taxonomic ranges need to be studied and their phyloge-
netic relationships understood. Until the last decade, this was performed primarily
with molecular markers, which are small DNA segments within a few selected con-
served genes. However, the resolution with a handful of markers is limited since the
phylogenetic trees (visual representations of taxonomic relationships) of the genes
between multiple species might not be necessarily congruent with the actual ordering
of species over time. With the advent of NGS, it became possible to extend evolu-
tionary studies over to wider taxa with whole genomic data without restricting to
limited data from a handful of molecular markers. The species which fall outside the
spectrum of the model organisms are referred to as non-model species. In addition
to evolution, the study of non-model species is important for biodiversity studies for
species conservation and understanding species richness of designated geographical
regions (Ellegren, 2014).
1.2 Computational Applications to Genomics
Present day sequencers produce high throughput data of several Gbps per sequenc-
ing run. This big data needs efficient computational tools and statistical methods for
analysis, interpretation and visualisation. The advent of NGS has opened up large
venues for the development of effective computational methods and algorithms in ge-
nomics for applications in the processing read sequence data, construction of whole
genomes, genome annotation, prediction of variation/conservation and comparative
genomics. These methods have also been applied to study transcriptomes through
gene expression comparisons and detection of splicing. The following section pro-
vides an overview of the computational techniques, the tools used and the algorithms
implemented in comparative genomics studies.
1.2.1 Building a Genome from Reads
The genomes of prokaryotes and unicellular eukaryotes are easy to reconstruct ow-
ing to their small genome size. Their entire genome codes for proteins and genomic
repeats are usually absent. However, the multicellular eukaryotic genomes are com-
plex due to repeat regions which cannot be reconstructed from sequencing data,
especially short reads, unless they span the repetitive feature. Additionally, the
whole genome of the organism is not sequenced completely due to the presence of
structurally complex regions that cannot be accessed while sequencing and the bi-
ases in the sequencing technologies (such as GC bias in Illumina).
Genome assembly is the process of genome reconstruction through sequential order-
ing of overlapping reads to form the parent DNA fragments which have been sheared
into smaller pieces. It is similar to a jigsaw puzzle in design, however with additional
complexity of genomic regions due to repetitive and/or missing regions. Genome
assembly is computationally expensive due to the high throughput of sequencers
and data complexity. Repetitive elements hinder precise reconstructions as they
introduce mis-assemblies of non adjacent regions due to their multiple occurrences.
In a perfect scenario, the whole genome in an organism needs to be sequenced only
once, however the organisation of DNA, unequal shearing and inaccessibility of DNA
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due to complex structures and error rates in sequencing technologies requires mul-
tiple rounds of sequencing in overlapping chunks known as reads. Reads are small
stretches of nucleotide bases produced by sequencers from template DNA fragments.
In the NGS and third generation sequencers, raw sequencing reads are attached to
specific adaptors and indices to track multiple samples loaded onto a sequencer at a
time. The number of times the whole genome is covered is known as genomic cov-
erage and the number of times each genomic base is represented in the sequencing
reads is known as the coverage depth. The sequencing process follows a Poisson or
negative binomial distribution, so the genomic regions are all not equally covered
(Arratia et al., 1996).
1.2.1.1 Genome assembly algorithms
The Sanger sequencing produced long accurate reads that were assembled with al-
gorithms depending on the overlaps between the produced reads. Overlap-Layout-
Consensus (OLC) and de brujin graph (DBG) are the most popular algorithms
implemented for gene assembly of data from shotgun sequencing and HTS technolo-
gies (Miller et al., 2010; Li et al., 2012). OLC is the most common algorithm used in
the assembly of longer reads. The OLC approach utilizes the overlap between reads
from adjacent regions in the genome in order to create links. These links between
adjacent reads help in the construction of long contiguous sequences. This algorithm
is dependent on the length of the read overlap. The OLC approach is divided into
three stages:
i) overlap construction - all the reads are aligned against each other to create over-
laps
ii) layout creation - the graph layout is prepared based on the Hamiltonian path
iii) consensus step - the consensus sequence is built from the layout of linked over-
lapping reads
The nodes in the OLC graph represent the reads and the edges are formed based on
read overlaps (Figure 1.6). The overlap step allows the presence of mismatches or
edit distances which can take care of the sequencing errors but it is time consum-
ing due to the all-vs-all alignments. The Hamiltonian path creation is an NP-hard
problem adding to the computational complexity. Even though lower sequencing
depths are required for the OLC approach, the repetitive regions in the genome
complicate the assembly process since the CPU time increases and overlaps are un-
resolvable when repeats are longer than reads. Hence, the OLC approach required
pre-masking repeats and low complexity regions prior to genome assembly.
With the introduction of next generation sequencing (NGS) technologies such as Il-
lumina, production of high throughput data became significantly cheaper. However,
OLC techniques were obsolete with NGS since overlap finding between reads scaled
quadratically. Most genome assemblers for NGS data such as Minia, SOAPdenovo,
Velvet and ABySS implement the DBG algorithm (Compeau et al., 2011). The
major advantage of the DBG over the OLC algorithm is the decrease in compu-
tation time due to the absence of all-vs-all read alignments and easy handling of
repeats during graph construction. In the DBG approach, the reads are chopped
into shorter overlapping sequence sub-strings known as kmers which are later con-
nected based on their adjacent overlaps. The nodes on the graph represent the
fixed length kmers and their overlaps by the edges. The genome reconstruction is
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performed from the graph structure represented by the nodes and edges (Compeau
et al., 2011). The DBG structure preserves the local connectivity although the reads
are chopped into smaller kmers (Figure 1.6). High frequency kmers correspond to
repeats which are collapsed to decrease the graph complexity. The possibility of
false merging of kmers is reduced by the removal of false edges with low support
and low frequency kmer nodes. This method found its way into short read error
correction programs which implement the replacement of unique kmers correspond-
ing to sequencing errors or heterozygous sites with more commonly occurring kmers
(Liu et al., 2013). The DBG assemblers provide many advantages over the OLC
based assemblers with NGS reads, however the creation of kmers is RAM expen-
sive, higher chances of mis-assembling similar regions and the only repeats shorter
than kmer sizes can be overcome. Paired-end information helps in extending the
assembled sequences but is limited based on the fragment sizes. The possibilities of
erroneous assemblies are higher with short kmers and the long repeats can only be
spanned from paired-end reads with long insert sizes (mate-pair sequencing) or long
read sequencing. However, multiple libraries of different inserts are required due to
erroneous linking of pairs from mis-mapping and probable mis-orientation of read
pairs. Additionally, mate-pair library preparation protocols are more complicated
than paired-end protocols.
Figure 1.6 – Graph building and traversal in OLC and DBG approaches. In OLC,
the reads form the nodes which are overlapped based on the connectivity represented by
their edges. OLC has a directed graph and the nodes can have multiple edges based on
the read span. The DBG is formed by the kmers represented as edges and the overlaps
are represented by the nodes, each kmer sub-string has equal length. There are 25 kmers
with a size of 6 in the 26 bp sequence shown here. The figure has been adapted from Li
et al. (2012).
Recent advances in sequencing technologies made it possible to produce long reads
at low costs and high throughput. Nanopore sequencing and single-molecule se-
quencing through PacBio (subreads) are popular technologies producing long reads
albeit at high error rates i.e. >20% and 13-15% respectively (Weirather et al., 2017).
Consensus sequences can be produced from long read sequencers for highly accu-
rate sequences, however these are resource consuming. The more viable option is
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correction of error-prone long read data using shorter, more accurate Illumina reads
to produce long reads with higher accuracy (Hackl et al., 2014). These error cor-
rected reads can produce highly contiguous accurate genome assemblies spanning
over larger repetitive regions.
Moderately large genomes can be assembled easily with the combination of short
reads and long reads technologies. The errors in long reads with known error pro-
files can be removed with the use of sufficiently covered short reads data. Hybrid
assemblers combining both long and short reads to produce long accurate genome
assemblies have become increasingly popular. DBG2OLC is a hybrid genome assem-
bler which utilizes contigs from DBG assemblers and implements an OLC approach
to combine those contigs with error prone PacBio reads to produce long contiguous
assemblies (Ye et al., 2016). However, it needs to be emphasized that choice of the
assemblers or the strategy for genome assembly is dependent on the species and
sequencing data; rigorous testing is needed to compare the strategies rather than
one go-to tool (Bradnam et al., 2013; Alhakami et al., 2017).
1.2.2 Hidden Markov Models in Computational Sequence
Analysis
HMMs have been used in diverse range of computational biology applications such as
homology searches through profiles, gene finding and multiple sequence alignment.
HMMs provide conceptual toolkits to build complex models through intuition or
pre-existing information implementing probabilistic models of linear sequential pro-
cesses or Markov chains. An example of HMM for regulatory site prediction is shown
below in Figure 1.7. In the HMM for regulatory site prediction, existing information
from a model is formulated into emission probabilities (such as the nucleotide fre-
quency) and movement from the present state to a new state is stated by transition
probabilities (such as splice junction where the state is from intron to exon or vice-
versa). Only the existing state is known and the underlying state path is unknown,
this state path is the hidden Markov chain. The probability P(S,Π|HMM,θ) that a
HMM with parameters θ generates an observed sequence (S) through a state path Π
is given by the product of all the used emission and transition probabilities (Eddy,
2004). The simplest approach to find the most probable state path, which in this
example indicates the regulatory site, is through finding the highest scoring path
based on its probability (P) through Viterbi dynamic programming algorithm.
1.2.3 Gene Prediction and Annotation
Gene prediction in the genome is performed through ab initio algorithms based
on experimental evidence of intron lengths, ORFs, splice sites at the intron-exon
junctions and the start/stop codons in the coding regions(Stanke and Morgenstern,
2005). Transcript data from RNAseq helps in fast prediction of coding sequences
along with the UTRs and this serves as additional evidence for more accurate predic-
tion of genes (Hoff et al., 2016). The coding sequences and regulatory elements are
highly conserved across multiple species in the phylogenetic tree. Hidden Markov
Models (HMMs) are implemented based on the existing data to identify the gene
boundaries and coding elements. The transcript data from RNAseq also provides
information for gene annotation of coding sequences and UTRs. This makes it
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Figure 1.7 – Representation of a simple HMM for 5’ splice site recognition which
has been adapted from Eddy (2004). There are three states: E(exon), 5(5’ splice site)
and I (intron) to which we can a nucleotide is assigned. The emission probabilities
of each state are given above the states (probability of the nucleotide) to model the
base composition. Transition probabilities have been assigned for the movement from
one state to another. The state path indicates the feature (E,5 or I) in which the
nucleotide of the sequence is present. The state path with the highest score or the
best log probability (log P(S,pi|HMM,θ)) is shown below the sequence and nucleotide
Guanine (G) has the best probability of presence at the 5’ splice site.
easier to annotate genomes which consist of fragmented sequences and errors from
sequencing technologies which can result in premature termination or frame-shifts
in coding sequences. In order to identity gene functions, existing protein sequences
and annotated genomes can be used. Sequence similarity (homology) methods and
orthology information arising from common ancestry are common techniques for
identifying gene functions since similar functional protein domains perform similar
functions.
1.2.4 Orthology Detection for Gene Gain or Loss
As a result of common ancestry, the gene families across multiple species on a phy-
logenetic tree have an orthologous relationship. Homology is similarity in genes
by virtue of their sequence similarity while orthology is the sequence similarity by
virtue of their common ancestry. Orthologous genes have similar functions. Spe-
ciation events also arise due to gene duplications resulting in gene paralogs that
perform different biological functions (Jensen, 2001). Gain or loss of genes or gene
families can result in differential gene functions between closely related species. This
is common in bacterial genomes which have higher chances for horizontal gene trans-
fers which confers additional functions or loss of genes through reductive genome
evolution.
Loss or gain of genes can be easily detected through homologies for single copy genes.
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However, most genes are organised as gene families and consists of paralogs due to
ancient duplication events along the phylogenetic tree. The gene neighbourhoods
i.e. conservation of gene clusters across related species can aid in the identification
of gene losses and gains for multiple copy genes. Thus, orthology information of the
genes and their neighbourhood information can be used in more precise identifica-
tion of gene gain/loss events (Indrischek et al., 2016) (Figure 1.8).
Figure 1.8 – A representation of orthologs and paralogs after speciation events from
a common ancestor. Three species (A,B,C) have diverged from a common ancestor
after two speciation events. There are two paralogous groups (B1,B2; C1,C2,C3) which
are products of two independent duplication events. As a results of common ancestry,
there are two orthologous groups (A1,B1,C1; B2,C2), represented by the same numerals
(1,2,3) and identical colours. This picture has been adapted from Jensen (2001).
1.2.5 Identifying Variation through Read Alignments
Read alignment or simply read mapping is the process of aligning the processed reads
from the sequencers to the reference genome. This is performed to identify variant
sites between individuals or populations in genomic studies, while in transcriptomics
for quantifying gene expression patterns. Since a simple string matching algorithm
is time consuming and memory exhaustive for large eukaryotic genomes, prior to the
mapping process genome indices are created which serve as databases. This has been
the core for local similarity heuristic search tools such as BLAST, wherein the database
is queried through a seed match and extend algorithm (Camacho et al., 2009).
Basic sequence similarity search tools are optimal for high similar matches and sub-
string alignments. However, these tools are too sensitive and time consuming to be
considered for read mapping. Additionally, given the number of reads, short sizes
and presence of error rates, fast highly parallel imperfect search for matches with
preferable global alignments are required for read mapping. Many modern read
mappers work with fast imperfect global alignments against a compressed reference
genome database which is easily searchable due to specialised data structures.
Initial short read mappers were designed for global matches with mismatches and due
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to preference towards Illumina reads, an estimated error rate (<1%) was considered
for read mapping. In the first generation mapping tools predominantly used for
Illumina data, indel errors were avoided in the most mapping algorithms (Hatem
et al., 2013). This was ideal to identify SNPs which are the most common variants
in genomes but not large structural variants (SVs). Split read alignment algorithms
were later designed to include indels (Li, 2013) and for transcriptome alignments due
to splice sites at intron-exon junctions (Wu and Watanabe, 2005). This is used for
gene expression quantification after RNAseq read alignments and to identify larger
SVs in the genome (Li, 2018) (Figure 1.9).
Figure 1.9 – Detection of large genomics variants (SVs) using different techniques.
(A) Read depth (RD) to detect deletions (absence of reads) and duplications (increased
coverage); (B) Paired reads (Pr) for deletions (lesser insert size), duplications (discordant
paired reads), insertions (increase in insert size), inversion (flip in direction and probable
change insert size) and translocation (reduced insert size); (C) split reads (SR) for
deletion and translocation (split over different regions away from source alignment)
and (D) de novo assembly (AS) through local assembly of reads with break points or
discordance in pairs. This figure has been slightly modified from Geòrgia et al. (2015).
With the introduction of high throughput long read sequencers, the algorithms for
read alignments were further modified for higher indel error rates (BLASR, NGMLR,
Minimap2) especially in long reads (Chaisson and Tesler, 2012; Sedlazeck et al.,
2018; Li, 2018). The genomic rearrangements and large variants can be detected
using paired-end Illumina data based on the split read mapping, read coverages,
orientation of the reads and large deviation in insert sizes (distance between paired-
end reads) (Alkan et al., 2011). Long read sequences can also identify SVs based on
their split alignments, change in orientation in read segments and cross mapping of
part of a read to a different genomic region (Sedlazeck et al., 2018). Recent mapping
34
CHAPTER 1. AN INTRODUCTION TO EVOLUTIONARY GENOMICS
tools such as Minimap2 could be used to detect genomic rearrangements through
pairwise whole genome alignments at much faster rates through better algorithms.
1.2.6 Identifying Functional Regions in the Genome
The coding sequences in the genome can be predicted with less effort through the
identification of start and stop codons along with six frame translations of the pre-
dicted coding regions for identifying ORFs. However, there are other functionally
important regions in the genome such as small ncRNA and regulatory elements
conserved across species. Since these are conserved across several species along the
phylogenetic tree, multiple genome alignments of these species help in the identi-
fication of such regions. HMMs trained on the coding and noncoding regions of
the reference genome in the multiple genome alignments aid in precise identification
of these conserved regions (Siepel et al., 2005). The ancestral repeats or fourfold
degenerate synonymous sites are free from selection, this information is used as a
neutral model in the estimation of sites experiencing selection with tools such as
phastCons and phyloP (Hubisz et al., 2011).
1.2.7 How to Quantify Selection?
Purifying selection and positive selection of coding sequences can be detected through
the comparison of the rate of non synonymous mutations (dN) against the rate of
synonymous sites (dS). This is represented by the ratio ω where
ω = non synonymous changes/non synonymous sitessynonymous changes/synonymous sites (1.2)
A ratio of ω(dN/dS or Ka/Ks) greater than 1 indicates higher accumulation of non
synonymous sites and thus positive selection, whereas an ωless than 0 indicates
purifying selection. For coding sequences under neutral selection, omega is equal to
zero. This test for ωis commonly referred to as dN/dS or Ka/Ks analysis. It can be
performed through pairwise comparison of coding sequences (Wang et al., 2010) or
through the detection of coding sequences in a fragmented genome assembly based
on a reference genome (Zhang et al., 2013). However, this can produce false positive
results and a comparison with coding sequences from multiple species is needed to
precisely detect signals of positive selection which is implemented in PAML (Yang,
2007). codeml from the PAML suite is a popular tool to predict positive selection
with multiple species while considered their phylogenies. Varying selection pressures
(neutral, purifying and positive) can be detected from the sites in coding sequences
(site model), branches on the phylogenetic tree through the comparison of ω for
particular lineages or species(’) i.e. the foreground branch against the lineages in
the rest of the tree i.e. background branches (branch model) or a combination of
both sites and branches on the tree (branch site model). Branch site model serves as
a robust statistical test to detect episodic positive selection for generating biological
hypotheses for adaptation and functional analyses. The branch site model allows
ω to vary among sites in the protein and across the branches in the phylogenetic
tree aiming to detect positive selection affecting sites along the foreground branch.
Multiple site classes can be used to detect positive selection through the branch site
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model (ω> 1) (Table 1.1 shows the different classes) and the posterior probabilities
for these site classes are calculated using Bayes emperical Bayes (BEB) by accounting
for sampling errors in maximum likelihood estimation (MLE) arising from site classes
(problematic in small data sets) (Yang et al., 2005). A likelihood ratio test (χ2) is
performed to test the significance of the positive selection test.
Table 1.1 – Alternative hypothesis for the branch site model in codeml to test for
positive selection in coding sequences. The null hypothesis is the same model with the
exception of fixed ω2 = 1.
Site class Proportion Background Foreground
0 p0 0 <ω0 <1 0 <ω0 <1
1 p1 ω1 = 1 ω1 = 1
2a (1 - p0 - p1)p0/(p0 + p1) 0 <ω0 <1 ω2 - 1
2b (1 - p0 - p1)p1/(p0 + p1) ω1 = 1 ω2 - 1
1.2.8 Differential Gene Expression and Alternative
Splicing
Genes are differentially expressed between tissues and individuals based on different
treatments or sources. Gene expression can be quantified through microarray exper-
iments or RT-PCRs. The advent of NGS made the quantification of expression of
several thousands of genes in the genome possible with higher sensitivity, including
those with very low abundance. It is also possible to identify novel genes in the
genome through NGS data. The processed RNAseq reads are aligned against the
transcript sequences or the reference genome and the level of expression is quantified
through the number of reads aligned per gene or transcript for a treated or selected
sample compared to a control. Since sequencing follows a Poisson or negative bi-
nomial distribution, the prior consists of information on sequencing coverage. The
variance of the gene expression across samples is also considered and at least three
biological replicates are required to draw significant inferences from gene expression
experiments (Conesa et al., 2016).
Apart from differential expression, novel isoforms of the gene can be identified
through the mapping of the RNAseq reads to a particular genic region. These
novel isoforms are identified through the presence or absence of read support at a
particular region. Differential alternative splicing events can be predicted from the
splice variants that have been covered through read mapping (Doose et al., 2018).
The prediction of splice junctions in the genome and the information on read sup-
port for each junction helps in identifying differentially alternatively spliced genes
between multiple conditions or treatments.
1.3 Divergent Evolution of Lacertids
Divergent evolution as the process eventually leading to speciation is best studied
through comparison of sister species. Sister species are closely related species which
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are adjacent on a phylogenetic tree and the time of split into two separate species
occurred recently. Lizards form excellent models to study speciation since they are
easy to sample, have known phylogeographic distributions (known phylogenetic tree
and geographic structures of species), are good indicators of biodiversity and are
known for their adaptive radiation. Adaptive radiation is the ability of individu-
als to adapt to multiple variable ecological niches (Camargo et al., 2010). Within
lizards, the phylogeography of the Lacerta viridis complex, commonly referred to
as the European green lizards has been well studied (Marzahn et al., 2016). L.
viridis and L. bilineata are sister species of the Lacerta viridis complex known to
have recently split in the Pleistocene (3-6.5 million years ago). These two species
have very little morphological differences (distinct throat colouration only in ju-
veniles but almost identical adults). The offsprings of L. viridis and L. bilineata
experience reduced fitness (Rykena, 1991) and they have a probable contact zone in
Slovenia (Amann et al., n.d.). The karyotypes of both lacertid species are identical
(2n=38 with ZW sex chromosomes) (Olmo et al., 1986), however their chromosome
morphologies are different due to suspected rearrangements (Olmo, 2008). Ano-
lis carolinensis is already a well studied model lizard, but they only represent the
diploid karyotype with XY sex chromosomes similar to humans (Alfoldi et al., 2011).
With the new generation high throughput sequencers, non-model sister species could
easily be studied to understand factors, traits or candidates responsible for divergent
evolution. Due to their well known phylogeographies, probable gene flow, putative
genomic rearrangements that could cause BDMIs in hybrids leading to reproductive
isolation between L. viridis and L. bilineata, the Lacerta viridis complex forms a
good model to study ongoing speciation.
1.4 Open Questions
The goal of this thesis is to analyse the genomes and transcriptomes of different
lineages from the L. viridis complex to understand the factors, traits and/or candi-
dates contributing to evolutionary divergence between closely-related species. Three
lacertid lizard lineages (L. viridis, L. bilineata and the adriatic lineage) have been
used as the models in this study. The computational genomics methods developed
and applied to study these lacertids can be used to study divergent evolution be-
tween sister species in general. The following questions are addressed in this thesis
-
• What do the lacertid mitogenomes tell us about their phylogeny?
• How to effectively assemble whole genomes with data from multiple sequencing
technologies?
• What influences genome evolution between sister species?
• How to detect large variation between closely related species?
• Which genes experience varying levels of selection between L. viridis and L.
bilineata?
• What are the traits and mechanisms contributing to the split between lacertid
species?
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• Is there any tissue specific accelerated evolution among lacertids?
• In the cryptic L. viridis complex, is the adriatic lineage a hybrid species?
38
Chapter 2
Comparative mito-genomics of
lacertids
2.1 Motivation
Mitochondria are organelles of the cell with a distinct genome compared to the
nuclear genomes (commonly referred to as the whole genome). They are mater-
nally inherited and the variation in mitochondrial DNA (mtDNA) has been widely
used in population history analysis. The extraction of DNA from specimens does
not involve the separation of mitochondrial genomes. To study mitochondria and
to prevent their contamination during nuclear genome assembly construction, they
need to be assembled separately. Additionally, complete mitogenomes would pro-
vide a more concrete picture of the L. viridis complex phylogeny which is a cryptic
species complex (Böhme, Fritz, Kotenko, Georg, Katarina, Tzankov and Berendonk,
2007). The assembly of mitogenomes is different from nuclear genomes since it has
its own DNA and is smaller in size (10-30 kbp in animals). Since the mitochondrion
is present in almost all cells in the living organism, the copy number of mitochondria
are multi fold higher than nuclear genomes in whole genome sequencing data. Even
low coverage whole genome sequencing provides the sequences for highly covered
mitogenomes due to their copy numbers. Here, paired-end Illumina DNAseq data
was used to assemble the mitogenomes of L. bilineata and the adriatic lineage sep-
arately. The complete mitogenome of L. viridis has been published a decade ago
(Böhme, Fritzsch, Tippmann, Schlegel and Berendonk, 2007) and the assembly of L.
bilineata mitogenome has been published more recently (Kolora et al., 2017). The
assembled mitogenome of adriatic lineage of the L. viridis complex has not yet been
published.
2.1.1 Processing Raw Reads and Estimating Insert Sizes
The sampling and the sequencing process in the lab for the whole genomes is de-
scribed in the Appendix (A.1). Pre-processing steps and assembly of the mitogenome
were performed using existing methods into efficient pipelines. The assembled mi-
togenomes were used for phylogenetic reconstruction of the order Lacertinae.
The available mitogenome of L. viridis (Böhme, Fritzsch, Tippmann, Schlegel and
Berendonk, 2007) was used as the reference to estimate the insert sizes of the
libraries. The paired-end genomic reads were mapped against the reference mi-
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togenome with split-read option of Segemehl (Hoffmann et al., 2014) to allow large
indels which can accumulate in L. bilineata mitogenome and reads were sorted by
name using SAMTools (Li and Durbin, 2009) to calculate inner distance between
paired reads. The first million reads were sub-sampled to estimate the insert sizes
using the formula below :
DIS = DID + 2 ∗ LR (2.1)
where DIS is the insert size of the library, DID is the inner distance between paired
reads and LR is the length of each read.
Since the genome of L. viridis was also sequenced along with the two other lacertids
for nuclear genome assembly, the statistics of the sequencing data was estimated
for all the three lacertid lineages. The estimated insert sizes vary between 150-250
bp for L. viridis and L. bilineata samples indicating that the majority are overlap-
ping paired-end reads. But for the adriatic lineage, the paired-end reads have larger
insert sizes (230-270 bp) indicating no overlaps as shown in Table 2.1.
Table 2.1 – Estimates of Insert sizes DIS for Illumina paired-end data of lacertids.
Majority of the libraries are overlapping paired-end reads.
Species or
lineage
Number of
libraries (n)
Library
ID
Insert size estimate (DIS)
mean (m) standarddeviation (sd)
L. viridis 8 v1 195 62
v2 248 107
v3 157 37
v4 160 39
v5 155 34
v6 158 36
v7 159 39
v8 165 44
L. bilineata 6 b1 162 48
b2 154 43
b3 157 44
b4 152 39
b5 159 46
b6 154 42
Adriatic 5 a1 228 105
a2 237 104
a3 264 130
a4 251 108
a5 271 116
2.1.2 Mitogenome Assembly
The mitogenomes were assembled with two different procedures (i) reference guided
assembly for L. bilineata (ii) de novo assembly for the adriatic lineage. The reference
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guided assembly might miss part of the sequence in the highly variable displacement
loop (D-loop) or control region of the mitochondrion. Since the D-loop is repetitive,
mapping reads to this region is cumbersome. In order to avoid this problem, one of
the mitogenomes was assembled completely de novo. The work flow for the assembly
of mitogenomes with a reference is provided in Figure 2.1.
Figure 2.1 – Flow chart for the reference guided assembly process for mitogenomes.
The process for de novo mitogenome construction is similar with the exception of the
baiting step for the reads with the reference mitogenome of L. viridis.
2.1.3 Reference Guided Mitogenome Assembly
For the whole genome sequencing data of L. bilineata, the reads that aligned to the
L. viridis mitogenome were extracted using SAMTools mapped reads (flag -F 4).
Estimation of coverage based on the mapped reads to the L. viridis mitogenome re-
vealed a mitogenome coverage of over 2000 fold. Higher genome coverage necessarily
does not produce better de novo assemblies. Higher frequency of errors accumulate
with gradual increase in coverage (Nagarajan and Pop, 2013) and the contiguity
of the assembly does not increase with increase in coverage after 80-100X coverage
(Desai et al., 2013) (rather decreases after this limit). In order to limit these er-
rors, the reads were sub-sampled to 80X coverage using the sub-sample option in
seqtk toolkit (https://github.com/lh3/seqtk). Since the data set was smaller
and the reads were of equal length (no quality trimming was performed), Edena
assembler (V2.0) was used to assemble the reads(Hernandez et al., 2008) based on
OLC approach since it was computationally simpler. A minimum overlap of 35 (-
M) produced the best contigs which were visualised by remapping to the reference
mitogenome. Since the insert sizes of the paired-end reads were already estimated,
this information was used to order the contigs. These contigs were extended into
longer sequences (through scaffolding) with SSPACE (Boetzer et al., 2011) based on
the overlapping reads which map onto the contigs with high identity (I allowed only
one mismatch). However, this produced gaps in the assembly (Ns or ambiguous)
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which are unfilled sequences whose lengths are estimated based on their insert sizes.
These gaps can be filled with the paired-end reads with the information regarding
the reads orientation, their position relative to contigs and their expected inner dis-
tances. Gapfiller tool was used to fill the gaps in the scaffold sequences with reads
overlapping with minimum 29 base matches to the scaffolds and at least 10 reads
aligning at the position with gaps over 10 iterations of string-matching and filling
with known bases (Nadalin et al., 2012). The L. bilineata mitogenome was repre-
sented by two contigs through the reference guided assembly. The D-loop sequence
was still incomplete since the reads could not be mapped due to its repeat content
and the OLC approach could not span this region. PCR products 740bp long and
spanning the D-loop were used to stitch together the contigs to generate the com-
plete L. bilineata mitogenome. The total sizes of the L. bilineata was 17,086 bp
which is smaller than the reference mitogenome of L. viridis (17,156 bp). These mi-
togenomes are publicly available (GenBank accessions: NC_028440.1 for L. bilineata
and NC_008328.1 for L. viridis).
2.1.4 De novo Mitogenome Assembly
The workflow for de novo assembly was different from the reference guided assem-
bly of the mitogenome in sub-sampling, processing and assembly. The erroneous
kmer branches in de brujin graphs (DBGs) cause mis-assemblies. In order to avoid
chimeric contigs the Illumina reads were corrected with a kmer based approach.
Musket tool was used for error correcting with a kmer size of 21 (recommended
by the developer) (Liu et al., 2013). This tool implements a bi-directional error
correction approach where the kmers that appear only once in the sequencing data
(usually due to sequencing errors) are filtered with kmers of higher frequency. This
avoids chimeric mis-joins during the construction of Eulerian paths with the DBG
assembly approach. Since the insert sizes of the paired-end reads indicate inner dis-
tances less than zero, the read pairs were overlapped based on their identity. FLASH
tool was used to overlap the read pairs with a minimum overlap of 35 and a low error
rate (0.01) (Magoc and Salzberg, 2011). To avoid excessive memory usage from the
whole genome data, only reads with high frequency kmers were used. The merged
reads and the non-overlapping read pairs were normalized to a minimum coverage
depth of 40X and a maximum coverage of 80X using BBNorm from the BBMap suite
(https://sourceforge.net/projects/bbmap). These normalized reads were as-
sembled using the highly memory efficient DBG genome assembler Minia (Chikhi
and Rizk, 2012). Minia implements space-efficient bloom filters to remove false
positive overlaps between overlapping kmers, this reduces the memory usage signif-
icantly. A minimum kmer abundance of 5 and a kmer sizes from 51 to 81 were used
to produce de novo contigs. A kmer size of 81 produced the contig assemblies with
the highest proportion of mitogenome covered with the long contigs. Highest N50 of
the assembly did not necessarily mean that the assembly was the best. The genome
assembly was considered best when the least number of contigs covered the entire
mitogenome). With a high kmer size (81), it was able to span the repetitive regions
in the D-loop which produces fragmented contigs (Table 2.2).
The contigs were mapped with BWA-MEM (Li, 2013) to the L. viridis reference
mitogenome and visualised with Tablet viewer (Milne et al., 2010). Whole mi-
togenome coverage was 1 for the contigs with a kmer size of 81, these contigs (3 in
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Table 2.2 – The de novo mitogenome assemblies produced with different kmer sizes
(1st column) for the adriatic lineage. The number of total contigs, longest contig size
and the N50 of the assembly have also been tabulated. Note: N50 is the minimum
contig length needed to cover 50% of the genome, highest N50 doesn’t necessarily mean
that it is the best assembly.
kmer
size
Number of
Contigs
Longest
contig size
N50 of
assembly
51 17 21301 16919
55 19 20989 16919
59 17 20200 16919
65 7 8947 7599
69 10 9568 7599
71 13 9969 7599
75 5 17714 9541
81 4 17494 9553
total) were extracted. The smallest was 125 bp and occurred at the junction of the
two larger contigs (7623 bp and 9553 bp), so CAP3 assembler which implements the
OLC algorithm (Huang and Madan, 1999) was used to join these overlapping con-
tigs. They were locally assembled with a minimum overlap of 30, 90% identity and
minimum of two supporting sequences. The total size of the adriatic mitogenome
was 17,096 bp.
The mitogenome of L. bilineata too was run through the complete de novo assem-
bly pipeline. Similar to the adriatic lineage, this process generated three overlapping
contigs which could be joined into a single contiguous complete mitogenome wit a
greedy overlap approach or with the CAP3 assembler.
2.1.5 Annotation of the Mitogenome
The mitogenomes of vertebrates consist of 13 protein coding genes, 22 tRNAs and 2
rRNAs. The existing annotation information from published mitochondrial genomes
can be used for annotation based on similarity searches. MITOS web-server was
used for de novo annotation of the assembled lacertid mitogenomes (Bernt et al.,
2013). The coding genes were predicted with in-frame start and stop codons and
a database of metazoan mitogenomes were used to identify high identity BLASTX
homologs (e-value of 1e-6). The rRNA and tRNA were predicted through secondary
structural similarity searches using Infernal within the MITOS server. Infernal
implements covariance models which is a HMM for flexible alignments to RNA
structures based on structure conservation than sequence similarity (Nawrocki and
Eddy, 2013). All the three lacertid mitogenomes contained 13 protein coding genes,
22 tRNAs and 2 rRNAs. The annotations for the published L. viridis and L. bilineata
mitogenomes have been provided in the Appendix (Tables 1 and 2). The annotation
of the unpublished mitogenome of the adriatic lineage is provided in Table 2.3.
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Table 2.3 – The annotation of the complete mitogenome of the adriatic lineage pro-
duced with MITOS. The first column (feature) is gene name, tRNA (with anti codons) or
origin of replication (oriH and oriL for leading and lagging strands respectively). The
last column (Adjacency) represents the distance between the present and its succeeding
feature. Note: Adjacency is negative for overlapping adjacent features; adjacency for
the last feature (oriH) is with the succeeding trnF since mitogenomes are circular.
Name Start Stop Strand Length Adjacency
trnF(gaa) 1 74 + 74 -1
rrnS 74 1021 + 948 -1
trnV(tac) 1021 1087 + 67 1
rrnL 1089 2618 + 1530 0
trnL2(taa) 2619 2691 + 73 0
nad1 2692 3660 + 969 7
trnI(gat) 3668 3739 + 72 0
trnQ(ttg) 3740 3810 - 71 -1
trnM(cat) 3810 3877 + 68 0
nad2 3878 4912 + 1035 -2
trnW(tca) 4911 4979 + 69 1
trnA(tgc) 4981 5049 - 69 1
trnN(gtt) 5051 5123 - 73 6
OL 5130 5155 + 26 -1
trnC(gca) 5155 5217 - 63 5
trnY(gta) 5223 5291 - 69 1
cox1 5293 6837 + 1545 -5
trnS2(tga) 6833 6904 - 72 3
trnD(gtc) 6908 6976 + 69 0
cox2 6977 7664 + 688 0
trnK(ttt) 7665 7728 + 64 1
atp8 7730 7891 + 162 -10
atp6 7882 8562 + 681 -1
cox3 8562 9346 + 785 -1
trnG(tcc) 9346 9414 + 69 0
nad3 9415 9760 + 346 0
trnR(tcg) 9761 9826 + 66 1
nad4l 9828 10124 + 297 -7
nad4 10118 11498 + 1381 0
trnH(gtg) 11499 11565 + 67 0
trnS1(gct) 11566 11631 + 66 -1
trnL1(tag) 11631 11701 + 71 3
nad5 11705 13528 + 1824 511
trnE(ttc) 14040 14107 - 68 6
cob 14114 15256 + 1143 3
trnT(tgt) 15260 15326 + 67 19
trnP(tgg) 15346 15414 - 69 249
OH 15664 16899 + 1236 197
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2.1.6 Comparison of Lacertid Mitogenomes and their
Phylogeny
The three lacertid mitogenomes were of different sizes i.e. 17,156 bp, 17,086 bp
and 17,096 bp for L. viridis, L. bilineata and the adriatic lineage respectively. The
identity matrix of the complete mitogenomes shows that adriatic and L. bilineata
are more similar than the L. viridis (Table 2.4).
Table 2.4 – Pairwise identity matrix (in percentages) of the complete mitogenomes of
the three lacertids aligned with clustal omega tool (Sievers, Wilm, Dineen, Gibson,
Karplus, Li, Lopez, McWilliam, Remmert, Soding et al., 2011). The mitogenomes of L.
bilineata and the adriatic lineage are more identical compared to L. viridis.
Species L. viridis Adriatic L. bilineata
L. viridis 100.00 94.97 94.71
Adriatic 94.97 100.00 95.44
L. bilineata 94.71 95.44 100.00
The organisation of the genomic elements (genes, tRNAs, rRNAs and D-loop)
in the lacertid mitogenomes is shown in Figure 2.3. The GC content was higher
in the D-loop compared to rest of the mitogenome and the sequential order of the
genes were conserved in all the three mitogenomes. The mitogenomes of L. bilineata
and the adriatic lineage consist of two distinct deletions, one large (59 bp and 51 bp
respectively ) and another smaller (11 bp in both) in the same regions of the D-loop
compared to L. viridis. The larger deletion within the control region can be used as
a phylogenetic marker (alignment shown in Figure 2.2).
Figure 2.2 – The position of the larger deletion specific to L. bilineta and adriatic
lineage compared to L. viridis mitogenome (51 bp and 59 bp respectively). The align-
ment was produced for the complete mitogenomes of the lacertids through clustalomega
multiple sequence alignment tool (Sievers, Wilm, Dineen, Gibson, Karplus and Li, 2011).
The coding sequences (CDS) of lacertids were aligned with the already available
mitogenomes of the lizards in the order Lacertinae. Multiple sequence alignment
(MSA) was performed progressively with MAFFT tool using an iterative refinement
method over 1000 iterations (Katoh and Standley, 2013) and all the gaps in the
alignment were trimmed with trimAL to output a phylip format MSA (Capella-
Gutierrez et al., 2009). This output MSA was used as input for Randomized
Axelerated Maximum Likelihood (RAxML) program for sequential inference of large
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Figure 2.3 – The organisation of genes, noncoding RNAs and the D-loop in the mi-
togenome of lacertids. All three lacertid mitogenomes (L. bilineata, L. viridis and adri-
atic) had highly conserved gene orders. The figure legend of the genomic elements and
the GC content is in the centre of the circular mitogenome. The circular mitogenome
was visualised using CGView (Stothard and Wishart, 2005).
phylogenetic trees using a maximum likelihood (ML) approach (Stamatakis, 2006).
Since multiple concatenated genes were aligned, RAxML was run with the 1000 boot-
straps using the GTR-GAMMAI model and A. carolinensis as the out group. The
resulting phylogenetic tree was visualized with treeapp of phylodendron (http:
//iubio.bio.indiana.edu/treeapp/treeprint-form.html).
The phylogenetic tree of the lacertid mitogenomes with A. carolinensis as the out
group and with other genera of the Lacertinae order shows that the adriatic lineage
clusters with L. bilineata but with low support (Figure 2.4).
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Figure 2.4 – The phylogenetic tree of Lacertina with A. carolinensis as the out group.
The three lacertids (L. bilineata, L. viridis and adriatic) have been highlighted in a
dotted box.
2.2 Discussion
Reference guided assembly of the mitogenomes is a fast and easy method to decipher
phylogenetic relationships between species since only the highly conserved CDS are
required and there are no repeats in or between CDS. Differences in selection (if
present) within CDS can be easily analysed through these assembled mitogenomes.
However, the D-loop is not well covered through this approach due to its high vari-
ability even between closely related species and the presence of repeat elements. In
vertebrates, the mtDNA evolves about 10 times more rapidly than the nuclear DNA
and the variation in D-loop occurs twice as fast due to the absence of conserved CDS
(Sigurgardorttir et al., 2000; Caccone et al., 2004). D-loop is functionally important
since it contains the origin of replication for the leading strand (oriH) and is the start
site for the transcription of mtDNA. Two different methods i.e. reference guided and
complete de novo approaches were used to assemble the mitochondrial genome of
two distinct lacertid lineages. Low coverage genome sequencing is sufficient to re-
trieve the entire mtDNA which can be completely assembled de novo. The reference
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genome is needed only for assembly finishing through ordering. The technique of
down sampling to sufficient coverage (40-80X) followed by de novo assembly with
DBG with large kmers and later overlapping these contigs through OLC approaches
generated the best complete mitogenome assemblies. The reference guided assembly
misses the D-loop region due to difficulty in read mapping by virtue of its repetitive
nature. It also needs to be noted that since the D-loop is highly variable, a reference
guided assembly can miss regions and it is recommended to be performed only on
haplotypes of a single species or very closely related lineages.
The lacertid mitogenomes share a high level of sequence identity (95%) without
rearrangements and most of the variation is in the D-loop. This region contains
lineage specific deletions and substitutions, so can be used for haplotype studies of
lacertids in the future (similar to human population studies) since the majority of
the lacertid phylogeny studies until now used only the cytochrome b or rRNAs (God-
inho et al., 2005; Böhme, Fritz, Kotenko, Georg, Katarina, Tzankov and Berendonk,
2007; Marzahn et al., 2016). The construction of the phylogenetic tree of the coding
sequences in the mitogenomes within the order Lacertinae gives a clear view of the
lacertid phylogeny in comparison to the other green lizards. The adriatic lineage,
which was previously considered a population in the secondary contact zone or a hy-
brid species (Amann et al., 1997; Godinho et al., 2005; Marzahn et al., 2016) appears
closer to L. bilineata. Additionally, the smaller branch length of the adriatic lineage
as shown in the figure 2.4 indicates it has undergone less mutations compared to L.
viridis and L. bilineata. In order to obtain a deeper understanding of the lacertid
evolution along with demographic histories, the lacertids need to be studied using
whole genome data in addition to the mitochondria.
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De novo assembly and annotation
3.1 Motivation
The nuclear genome (or whole genome) is distinct from the mitogenome and needs to
be assembled separately after the removal of mitochondrial DNA since mitogenomes
can cause mis-assemblies during overlap or DBG construction. The nuclear genome
sizes of lacertids is estimated to be several magnitudes larger (1.45 Gbp based on
DNA weight of 1.56-1.65 pg) than its mitogenome (17 kbp). However, the sequencing
process itself is similar (DNAseq) since extracted DNA contains both mitochondrial
and nuclear genomes. The assembled nuclear genomes can be used to study variation
between the lacertid species and identify the mutations involved in their divergence.
Short paired-end Illumina reads and long PacBio subreads were used to assemble
the two lacertid genomes.
RNA transcripts are actively involved in biological activities and functioning of the
cell, these can be assembled from RNAseq data. Since the RNA is highly unstable,
the complementary DNA of the RNA is sequenced with capture techniques (using
poly-A beads). Poly-A beads helps in capturing mRNA transcripts which can code
for proteins and sometimes long ncRNA with poly-A tails. RNA transcripts are
subject to differential expression across tissues. This makes it necessary to assemble
transcripts from multiple tissues separately since genes may be subjected to tissue
specific expression. To avoid loss of information, transcripts from each tissue (brain,
heart, liver, kidneys and ovaries) were separately assembled for both lacertid species.
I used different processing techniques and distinct assembly algorithms for the mi-
togenome, nuclear genome and transcripts of lacertids. Existing methods have been
built into efficient pipelines to produce assemblies suitable for the data and the
genome of interest.
3.2 Genome Assembly
The pre-processing of the read data from DNAseq is similar for both nuclear and
mitogenomes. However, mitogenome assembly is essential to remove mitochondrial
contaminants prior to whole genome assembly in order to prevent mis-assemblies.
Their genome sizes are thousands of magnitudes larger than the mitogenomes. The
genome assembly algorithms vary due to higher complexity and larger data in nu-
clear genomes. The assembled nuclear genomes can be used to study variation
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between the lacertid species and identify the factors involved in their divergence.
The genomes of L. viridis and L. bilineata were assembled separately using both
Illumina paired-end and PacBio sequencing data. Since there were no existing ref-
erence genomes available, de novo methods were used to produce assemblies. Both
hybrid and sequencing specific de novo assembly methods were tested to produce
assemblies for both the species. Both DBG assemblies and DBG combined with
OLC approaches were used to construct the genome assemblies.
3.2.1 Genomic Estimates
Both L. viridis and L. bilineata genomes were sequenced through paired-end Illumina
with multiple libraries and PacBio sequencing technologies. The genomic coverage
estimates for Illumina and PacBio data with an expected genome size of 1.45 Gbp
(c-value of 1.48-1.65) were calculated (equation 3.1).
Gcov = Gdata/Gsize (3.1)
where Gcov is the genomic coverage for the species based on the data, Gdata is the
total amount of data from the sequencer and Gsize is the estimated size of the genome.
For an ideal sequencing technique without sequencing errors, the number of
uncovered bases Ub in the genome is defined by the notation 3.2. Ub needs to be less
than 1 to cover all bases in the genome.
Ub = Gsize × e−Gcov (3.2)
This has been previously described by Li et al. (2012). However, sequencing
errors dependent on the used sequencing technology need to be accounted when
calculating the minimal sequencing coverage that is needed to cover all the bases in
the genome.
The genome coverages of L. viridis and L. bilineata from the sequenced data
and the minimal coverages required to cover the whole genome have been shown in
Table 3.1. For both lacertid genomes, almost 22X coverage is needed to cover all
the bases. PacBio coverage for both the genomes is lesser (less than 15X), however
the Illumina coverages are sufficient (both >30X).
Table 3.1 – The minimum coverages required for the lacertid for covering the whole
genome at least once and the genome coverages from the sequencing techniques applied.
The estimates are based on the lacertid genome size of 1.45 Gbp.
Type of
sequencing
Error rate
(in %)
Genome size
including error
model (in Gbp)
Sequencing coverage
required
(approx.)
Sequencing output
required
(in Gbp)
Coverage from data
L. viridis L. bilineata
Ideal 0 1.45 21.1 30.6 - -
Illumina 0.1 1.46 21.2 30.7 34X 37X
PacBio 15.0 1.67 21.3 30.9 14X 11X
Preprocessing: The preprocessing of the Illumina data was similar to the pro-
cessing applied for the mitogenome de novo assembly described in chapter 2.2. The
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adaptors and indices were removed from the Illumina reads using leeHom (Renaud
et al., 2014). The genomic reads were corrected with Musket (Liu et al., 2013) with
a kmer size of 21, overlapping paired reads were merged based with a maximum er-
ror rate of 0.01 and a minimum overlap of 33 bp with FLASH (Magoc and Salzberg,
2011). The reads were filtered to remove low quality bases (Q<30) towards the ends
of the reads and those with ambiguous bases (Ns) or smaller than 60bp were filtered
using NGSQC (Dai et al., 2010). These were later normalised to a genomic coverage of
2 to 40X using BBnorm (Bushnell, n.d.). These normalised reads were used for error
correcting of the PacBio reads and also for Illumina-only de novo genome assembly.
The adaptors in the PacBio reads were removed using the alignment tool BLASR
(implemented in the SMRT Portal 2.3.0) which was designed to handle reads with
PacBio error profiles (Chaisson and Tesler, 2012). The sub-reads shorter than 50
bp and read quality less than 0.75 were removed. Post filtering, 8.9 Gbp and 15.6
Gbp of PacBio sub-reads were retained for L. viridis and L. bilineata respectively.
3.2.2 Constructing the Lacertid Genomes
Since there were no available reference genomes, de novo genome assemblies were
constructed for the lacertid species. de novo genome assemblies were produced in
three distinct ways -
• Illumina only assemblies
• PacBio only assemblies
• Hybrid PacBio with Illumina assemblies
3.2.2.1 Error correction of PacBio reads
The PacBio genomic reads were corrected with the normalized Illumina reads.
PacBio sequencing produces long reads (upto 100 kbp), however it is known to
produce errors and chimeric misjoins. The error model in PacBio reads are 12-18%
random errors; 10% deletions, 5% insertions and upto 1% SNPs. Proovread tool
was used for correcting the PacBio read with Illumina data. The Illumina reads were
aligned to PacBio reads using a modified BWA-MEM algorithm which uses secondary
alignments in 80 bp windows. A maximum coverage of 25 was used to correct
the indel errors and the consensus sequences were generated after error removal.
There were two kinds of output produced after error correction (i) completely error
corrected PacBio reads split at chimeric junctions based on read support (ii) inter-
mediate error corrected PacBio sequences which were not split at chimeric junctions.
3.2.2.2 de novo genome assembly generation
The Illumina only assemblies for L. viridis and L. bilineata were generated with
the ABySS genome assembler which implements the DBG algorithm. A kmer size
of 51 to generate overlapping paths and a minimum kmer coverage of 3 was used
to remove edges of low coverage which represent erroneous assemblies or regions
with low coverage. The PacBio only genome assemblies were produced with the
Celera assembler (WGS-8.3) with default options (Denisov et al., 2008). Instead
of the traditional way of producing a single contig for each allele or region through
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consensus, Celera splits read segments in variant regions according to the alleles
present (multiple if polymorphic) and produces multiple sequences. There were two
versions for this assembly - (a) PacBio reads without error correction and (b) error
corrected PacBio reads. The last category, hybrid assemblies were produced with the
DBG2OLC genome assembler using both Illumina and PacBio data (Ye et al., 2016).
Unitig assemblies (high confidence contigs split at repeat boundaries) generated with
the ABySS assembler were combined with intermediate error corrected PacBio sub-
reads (without splitting chimeric PacBio reads) using DBG2OLC. A kmer size of 17,
adaptive kmer matching threshold of 0.01 (number of unique kmers in the Illumina
unitigs relative to contig length, here 0.01 × Length), minimum overlap score of 20
(based on alignments between compressed reads and matching k-mers) and chimera
removal produced the most contiguous backbone assemblies. The error correction
and the de novo assembly process used are shown in Figure 3.1.
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Figure 3.1 – The error correction process of the PacBio reads with Illumina data with
Proovread followed by the de novo assembly with error corrected PacBio reads and
Illumina reads using DBG2OLC. High quality sequences were assembled after consensus
calling with Sparc. This figure has been adapted from Hackl et al. (2014) and Ye et al.
(2016).
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3.2.2.3 Polishing the assembled genome
The consensus sequence of the backbone assembly was created using Sparc consen-
sus caller (Ye and Ma, 2016) with two iterations to remove indel errors from PacBio
data. Sparc builds a position specific kmer graph, aligns reads to the assembled
sequences to create novel branches (if present due to variants), weighs edges based
on alignment support and finally produce a consensus sequence based on the highest
scored path from adjusted weights. The final assemblies were polished (removal of
remaining indel errors) with three iterations of Pilon (Walker et al., 2014) utiliz-
ing the paired-end Illumina and error corrected PacBio (split at chimeric intervals).
The base accuracy of the assembly is increased based on mapping quality infor-
mation, small indel detection, repeat structure of sequence and weighted evidence
from alignments of accurate reads with valid pairs (paired-end Illumina) and single
end data (completely error corrected PacBio without chimeras). This removes the
existing indel errors which were retained even after the error correction of PacBio
reads. The regions with low evidence through read alignments (usually repeats) are
locally reassembled to extend over low quality regions, thus resolving mis assemblies
from DBG overlaps or PacBio chimeras.
The total genome assembly sizes were 1.44 Gbp and 1.42 Gbp for L. viridis and
L. bilineata, respectively. The implemented hybrid strategy of combining Illumina
and PacBio sequencing data was used to produce separate genome assemblies for
the two lacertid species. This produced the most contiguous assemblies compared to
other de novo assembly methods (Figure 3.2). The work flow for the hybrid genome
assembly is provided in Figure 3.3.
Figure 3.2 – Contiguity of lacertid genomes (N50) in accordance with the employed se-
quencing methods and assembly strategies (y-axis is log10-scaled). E.C. - error corrected
through musket software for Illumina and with Illumina reads for PacBio.
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Figure 3.3 – Flow chart for the de novo genome assembly pipeline using the hybrid
method including the preprocessing steps before the contigs construction followed by
assembly finishing. This was applied for both the L. viridis. and L. bilineata genomes.
Preprocessing of reads and removal of errors is crucial for the assembly construction
algorithm to produce contiguous sequences.
3.2.2.4 Genome metrics and assembly quality
The quality of the genomes was compared using genome metrics such as number of
sequences, genome size, average and median size of the sequences, GC content, N50
and L50 sizes. Genomic N50 is the length of the shortest contig such that the sum
of contigs of equal length or longer is at least 50% of the total length of all contigs.
L50 is the smallest number of contigs required to produce reach the genomic N50.
The CpG islands in the genome were detected using the newcpgreport tool of the
EMBOSS package (Rice et al., 2000) with a sliding-window of 100, minimum GC frac-
tion of 0.5, minimum observed-to-expected CpG ratio of 0.6 and minimum island
length of 200 bases.
The assembled lacertid genomes achieved better contiguity than the high coverage
Illumina-based only contigs of G. japonicus (N50 of 370-660 kbp in lacertids while
650 kbp in the latter) but smaller than the chromosome level assembly of A. caroli-
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nensis (N50 of 150 Mbp). The highest fraction of CPG islands as observed for the
L. viridis and L. bilineata (1.7% and 15% respectively), followed by G. japonicus
(1.3%) and A. carolinensis (0.8%) genomes.
Genome assembly quality and completeness were predicted with gVolante (Nishimura
et al., 2017) based on core vertebrate genes (CVG) (Hara et al., 2015). Benchmark-
ing Universal Single-Copy Orthologs (BUSCO) (Simao et al., 2015) and Core Eukary-
otic Genes Mapping Approach (CEGMA) (Parra et al., 2007) are two leading tools to
assess genomic quality and gVolante employs these two tools. BUSCO quality assess-
ment is based on the presence, absence or fragmentation (presence of sequence bits)
of single copy ortholog (SCO) genes conserved across wide taxonomic groups, here I
used vertebrates. The SCO genes are detected using homology searches with gapped
BLAST (Altschul et al., 1997) (tblastn for protein query search against a translated
nucleotide database), HMMER3 for protein profile searches using HMMs (Eddy, 2011)
and AUGUSTUS to locate coding regions of genes (Stanke and Morgenstern, 2005).
CEGMA assesses genome quality similar to BUSCO, however the completeness is based
on core eukaryotic genes homology searched using BLAST, HMMER3 and GeneWise
(Birney et al., 2004) (protein to DNA alignment) along with GeneID to predict
genes ab initio based on splice sites, start and stop codons (Blanco et al., 2007).
The BUSCO completeness were 96% and 94% respectively, higher than the previously
available lizard genomes. This shows that the generated lacertid genome assembles
are of high quality. Table 3.2 shows the genomic contiguity and quality compared
to the A. carolinensis and the G. japonicus genome assemblies.
Table 3.2 – High quality of lacertids genomes in comparison to A. carolinensis and G.
japonicus. Summary statistics based on their genome metrics contiguity and complete-
ness. The genome completeness was predicted using CEGMA and BUSCO on CVGs. bp –
base pairs, CVGs – core vertebrate genes.
Genome metric Lacerta virdis Lacerta bilineata Anolis carolinensis Gekko japonicas
Type of assembly contig level contig level chromosome level scaffold level
Number of sequences 4737 7510 6457 191500
Total assembly size (Gbp) 1.44 1.42 1.79 2.49
Minimum sequence length
(bp) 1653 676 5000 200
Maximum sequence length
(Mbp) 3.63 2.88 26.4 4.76
Average sequence length
(kbp) 304 189 279 13
Contig N50 size (kbp) 663 368 80 21
Scaffold N50 size (kbp) - - 150000 684
Contig L50 661 1150 6,217 33,312
Scaffold L50 - - 5 963
GC content (%) 43.75 43.64 40.3 45
CEGMA CVGs
completeness % 99.57 97.85 98.7 97.8
BUSCO CVGs
completeness % (complete) 95.71 93.99 89.7 87.55
BUSCO CVGs
complete+partial % 97 97.85 93.99 96.14
Number of CpG islands
(% of genome) 72844 (1.7%) 65950 (1.5%) 41719 (0.8%) 102284 (1.3%)
Since the genome of L. viridis was more contiguous and of higher quality than
L. bilineata, the former was used as the reference to predict large genomic variants
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i.e. structural variants (SVs) and single nucleotide polymorphisms (SNPs) between
the two species.
3.2.3 Segmental Duplications and Synteny with Anolis
carolinensis
The segmental duplications in the genome can be detected through self genome
alignments and the cross/pairwise genome alignments are used in detecting syn-
tenies. Self genome alignments (genome against itself) and pairwise genome align-
ments (L. viridis against L. bilineata and alignments of each lacertid genome against
A. carolinensis genome) for the two lacertid genomes were generated with the
blastz-synteny pipeline from UCSC (Kent et al., 2003). High scoring LASTZ align-
ments with a score-threshold of 5000, step-size of 9, inner threshold of 3000 followed
by chaining and netting. Chaining is the process of adjacent blocks of alignments
into gapless contiguous sequences. The netting process arranges a collection of
chains in a hierarchical order order with non-overlapping high scoring (high iden-
tity) chains on top followed by chains with lower scores filling the gaps between
adjacent chains. Syntenies between two genomes are highly conserved blocks with
no observed rearrangements in the gene order. These represent evolutionary conser-
vation of sequence orders between related species. Syntenic blocks were used in the
detection of genomic rearrangements.
The genomic self alignments were used to identify segmental duplications at differ-
ent size ranges (minimum size of 1000 bp, 5000 bp and 10000 bp). High identity
matches (90% identity) detected through self alignments with different source and
target positions were defined as segmental duplications. There were no large dif-
ferences in segmental duplications between the lacertid genomes at 1kbp. However,
larger duplications (5kbp and 10kbp) can be seen in L. viridis (Figure 3.4). This
is due to higher contiguity of the L. viridis genome compared to L. bilineata. The
statistical tests for difference in variances (F test) and means (one-sided Wilcoxin
test) revealed no significant differences between the duplications in their genomes (F
test: p=0.35 and Wilcoxin test: p=0.55). The syntenic blocks between the genomes
of L. viridis and L. bilineata span 87% of their genomes in single coverages (i.e. a
region in L. viridis genome is covered by only one genomic region in L. bilineata).
Synteny information was used to create unordered contig clusters (minimum size
of 1 Mbp covering one-third of the L. viridis genome) using cytoscape visualisa-
tion tool (Shannon et al., 2003) (Appendix Figure 1). The Force Directed Layout
approach was used to connect the L. viridis contigs represented by nodes through
similarities with L. bilineata contigs represented by edges. The contig clusters or
sub-networks produced through this approach roughly represent positioning on the
same chromosome.
The number of chromosomes and the sex-determination system are different
between A. carolinensis (2n=36, 12 macro- and 24 microchromosomes; XY) and
lacertid lizards (2n=38; 36 macro- and 2 microchromosomes; ZW) (Olmo et al., 1986;
Alfoldi et al., 2011). A majority of the lacertid genomic contigs were syntenic without
breaks or observable inter-chromosomal transpositions to the macro-chromosomes
of A. carolinensis (Figure 3.5), though the lacertids and anoles split more than 150
Mya (Wiens et al., 2012). An exception was a single L. viridis contig which split
over two macro-chromosomes of the A. carolinensis genome. This particular contig
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Figure 3.4 – Segmental duplications in lacertids with at least 90% identity. The
minimum length of the duplication is denoted on the x-axis and the log10-scaled y-axis
denotes frequency of duplications.
from the genome of L. viridis was syntenic to five separate contigs in L. bilineata
assembly, demonstrating higher fragmentation in genome assembly of the latter.
Due to this higher fragmentation, this probable chromosomal fusion event was not
observable with syntenies with respect to L. bilineata.
3.3 Transcript Assembly
RNA transcripts which are actively involved in biological activities and functioning
of the cell can be assembled from RNAseq data. The pre-processing of RNAseq read
data is similar to DNAseq, excepting additional filtering is required to avoid mis-
assemblies and contaminants from other RNA (rRNA). The algorithms for transcript
assembly differ since to account for low repeat content, transcript isoforms and
expression differences while assembling.
The transcript assembly of the two lacertid species were performed independently
for each tissue. This prevents mis-assemblies and loss of paralogous transcripts with
low expression. The preprocessing is similar to genome assembly with a few changes
which are described in the following sections. The same process can be followed
for the de novo transcript assembly as with the genome (shown in Figure 3.3) with
the exception of coverage normalization. Since expression differences are pivotal, a
coverage aware assembler has to be used.
Preprocessing: The raw transcriptomic reads were processed to remove adap-
tors and indices using leeHom (Renaud et al., 2014). To remove probable bacterial
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Figure 3.5 – Syntenies of L. bilineata (a) and L. viridis (b) contigs (purple and red
outer-most blocks respectively) with the A. carolinensis genome (other colours) detected
by the UCSC blastz-synteny pipeline and plotted with the Circos visualizer. The
contigs of L. bilineata are represented on the left (B) and contigs of L. viridis are on the
right side (V) whereas the chromosomes of A. carolinensis are in the centre preceded by
“Chr”.
contamination, a genome index of the NCBI bacterial genomes database was con-
structed and bowtie2 was used for read mapping (Langmead and Salzberg, 2012).
Ribosomal RNA (rRNA) contamination is common in RNAseq, these were removed
with the SortMeRNA tool with eukaryotic rRNA database as the reference (Kopylova
et al., 2012). The paired-end overlapping reads were merged with FLASH (Magoc
and Salzberg, 2011); the reads with ambiguous bases and those shorter than 35 bp
were removed with NGSQC (Dai et al., 2010) prior to assembly.
3.3.1 De Novo and Genome Guided Transcript Assembly
The de novo transcripts were assembled for each tissue separately for L. viridis
and L. bilineata (Haas et al., 2013). Trinity tool was used to assemble the tran-
scripts with the DBG algorithm. Trinity has three stages - Inchworm, Chrysalis
and Butterfly. The unique portions of the transcript isoforms are produced dur-
ing the Inchworm step with a kmer size of 25. Chryaslis step initially clusters the
Inchworm contigs extended through de Brujin graphs. These de Brujin graphs are
later separated into alternative isoforms and paralogs based on read support in the
Butterfly step of the assembly. Genome guided transcript assemblies for each tissue
were produced with Trinity assembler using the respective genomes of the species
as the reference. The unmerged transcriptomic reads were mapped to the genome
references using STAR alignment tool (Dobin et al., 2013)with a maximum of 15%
mismatch. This mapped data was later used as the input for the Trinity assem-
bler. The algorithm used for the genome guided assembly is similar to the de novo
assembly, with the exception that the unmapped reads are unused.
Higher number of transcripts were assembled from the brain in L. bilineata than L.
viridis. The number of transcripts assembled were similar in the ovaries, however,
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there were noticeable differences in other tissues (Figure 3.6). The number of tran-
scripts from the brain in L. bilineata were almost twice to that of L. viridis. The
assembled transcripts were higher in the liver for L. viridis compared to L. bilineata.
However, the number of transcripts from the ovaries (and kidney) between the two
lacertid species were almost similar.
Figure 3.6 – Transcripts assembled de novo from the five difference tissues of lacertids.
The source tissue is given on the x-axis and the y-axis denotes the number of assembled
transcripts. The number of transcript were estimated after removing the isoforms from
each transcript.
3.4 Annotation
Annotation is the process of identifying the functional elements in the genome or
transcripts and predicting their biological functions. The functional significance
for the newly assembled genes and transcripts are extrapolated based on existing
information.
3.4.1 Transcript Annotation
Annotation of the assembled transcripts were performed with the Trinotate pipeline
(Bryant et al., 2017). Transdecoder tools was used initially to identify protein cod-
ing transcripts based on six-frame translations, log-likelihood scores more than 0
(similar to GeneID) in the reading frame and searches for the start-stop codons in
the transcripts. The top 500 ORFs were used as the training set for HMMs to
predict the coding sequences. The identified ORFs with the coding sequences were
translated into putative protein sequences based on their codons. Existing pro-
tein databases (Swissprot and Uniprot databases) (Uniprot, 2017) and nucleotide
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databases (NCBI non redundant database) were used for homology searches with
BLASTX and BLASTN respectively with an e-value of 1e-06. The protein products of
the transcripts were searched against existing information of protein families with
Pfam databases (Finn et al., 2016) using the sequence profile searches with HMMER3
(Eddy, 2011). The signal peptides were identified through signalP4.0 (Petersen
et al., 2011) and the transmembrane proteins through TMHMM2 (Krogh et al., 2001),
both implement HMMs for functional prediction. The Pfam domains in both lacer-
tid species were predicted from the identified proteins with InterProScan5.1 (Finn
et al., 2017) and HMMER3 (Mistry et al., 2013) and compared to the Pfam abundances
in other lizard genomes.
3.4.2 Building Gene Models with Transcript Support
Genome annotation is the process of gene prediction including the UTRs and the
coding regions. This can be done either with or without transcript data. BRAKER1
performs unsupervised genome annotation based on RNAseq data which implements
AUGUSTUS which perfroms an ab initio gene prediction and GeneMark-ET which im-
plements evidence based gene prediction. Ab initio genome annotation is the process
of annotating genes with gene models from existing genomes or from trained data.
The trained data is based on HMMs trained with information on intron lengths, GC
content of the genes, ORFs with start and stop codons. Evidence based gene pre-
diction was done with the support of transcript data with GeneMark-ET tool using
RNAseq aligned with bowtie2 to the reference genomes. However, the annotations
produced were fragmented due to the persisting indel errors which also cause frame-
shift errors.
Since the ab initio and evidence based genome annotation produced fragmented
annotations (based on the number of genes), transcript data was used for genome
annotation. The transcripts from each species were aligned against the respective
genome with the spliced alignment tool GMAP (Wu and Watanabe, 2005) with a
kmer of 17 and tolerance for frame-shift errors. This helped to identify transcript
boundaries which in turn could be extended to gene boundaries. For each region
of the genome with aligned transcripts, only the longest transcript was used to as-
sign the precise genes to the location. For the fragmented transcripts, clustering
was performed with BEDTools (Quinlan and Hall, 2010) to accurately predict the
gene boundaries. These annotations were compared with the results from the PASA
pipeline which uses transcript alignments and assemblies to predict gene boundaries
(Haas et al., 2008). PASA uses a collection of different tools for eukaryotic genome
annotation based on gene finding, intron lengths, UTRs detection, spliced isoforms
and weighted consensus gene structure annotations with ab initio gene predictions,
protein and transcript alignments.
The assembled transcripts were crucial for gene annotations since the ab initio meth-
ods predicted fragmented proteins and coding sequences (CDS). A majority of the
longest de novo assembled transcript isoforms were from the ovarian tissue followed
by the brain. Since the sequencing throughput was highest for the liver tissue in
both the species, the formation of longest isoforms in the ovaries is not an artefact of
sequencing. 22,156 genes in L. viridis and 22,491 genes in L. bilineata were identified
with support from de novo assembled transcripts (Table 3.3). The higher number
of genes in L. bilineata was due to the fragmentation of genes onto multiple contigs,
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which can be resolved with scaffolding information.
Table 3.3 – Number of genes predicted based on ab initio models and transcript-based
data. Only those supported by transcripts were included into the final annotations. EM
– expectation maximization.
Species AUGUSTUSmodels
GeneMark-EM
models
Transcript
models
Final #genes
predicted
Lacerta viridis 38506 30251 22560 22156
Lacerta bilineata 54773 42970 25215 22491
3.4.3 Abundant Protein Families
The predicted protein families supported by the longest transcripts from the gene
models were compared against the proteins from other lizard genomes. The most
abundant protein families belonged to zinc finger genes consistently. The predicted
Pfam domains showed that the zinc finger domains were the most abundant protein
domains in lizards. The predicted number of zinc finger protein domains across all
genes were higher in lacertids than in A. carolinensis and G. japonicus(Figure 3.7A).
Within the lacertids, minor differences were found in the number of the most abun-
dant Pfam domains were identified (Figure 3.7B). Among the different types of zinc
finger protein associated domains, the C2H2 domain was the most abundant in
lacertids (Table 3.4).
Table 3.4 – The occurrences of different sub families of zinc finger associated domains
(SCAN, BTB, POZ and KRAB commonly associate with ZNF domains) across lizards.
The Pfam domains were predicted through HMMER3 searches using the Pfam-A database
with a threshold of 1e-06. The total number of predicted domains i provided in the last
row (Total) and the presence of any zinc finger has been depicted as ZF (any).
Pfam
domain L. viridis L. bilineata A. carolinensis G. japonicus
SCAN 99 131 157 121
BTB 270 252 248 376
POZ 212 198 185 294
BTB/POZ 212 198 185 294
KRAB 151 153 142 137
C2H2 11220 10861 9398 9786
ZF (any) 2090 2137 1490 2726
Total 85338 85414 74592 93001
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Figure 3.7 – (A) Differences in the occurrence of type of gene families identified through
HMMscan from the predicted proteins in lizards. (B) The number of Pfam domains
identified through InterProScan from the protein sets of lacertids. The number of
predicted zinc finger genes is higher in lacertids and the C2H2 zinc finger domains were
the most abundant.
3.4.4 Evolution of Noncoding RNAs
Apart from the protein coding genes, noncoding elements are of interest due to their
functional importance and role in genome evolution. Hence, they were also predicted
in the assembled lacertid genomes. RFAM database (Nawrocki et al., 2015) was used
to predict to rRNA, known miRNA and snRNA sequences. Infernal cmscan was
performed with RFAM covariance models as input to detect homologous noncoding
RNAs (ncRNAs) with an e-value threshold of 1e-06. Homology searches for ncRNAs
were based on secondary structure alignments and sequence identity since they have
high level of structural conservation (Nawrocki and Eddy, 2013).
The existing mature miRNA sequences from multiple avian genomes and other rep-
tiles were used to confirm the miRNA predictions with conserved seed regions and
avoid false positives using homology searches with BLAST (1e-03) (Gardner et al.,
2015). The snoRNAs were predicted with the snoSTRIP pipeline (Bartschat et al.,
2014) which consists of four steps - (i) sequence homology search with BLAST and
infernal (ii) filtering false positives based on putative target sites and box mo-
tif conservation (box H/ACA or box C/D type snoRNAs) (iii) secondary struc-
ture prediction through RNAsubopt of Vienna RNA package, target prediction with
RNAsnoop or Plexy (Tafer et al., 2010; Kehr et al., 2011) and (iv) multiple sequence
alignment of snoRNAs within each family using MUSCLE (Edgar, 2004). The tRNAs
were predicted with tRNA-SCAN (Lowe and Eddy, 1997). The assembled transcripts
from the respective species which aligned to their genomes, without coding abil-
ity from six-frame translations and non-homologous to known protein sequences or
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pseudo genes were considered to be lncRNAs.
The difference categories of ncRNAs were compared for difference in copy numbers.
The nocoding RNAs (ncRNAs) between the lacertids underwent noticeable changes
in copy numbers in each category (Table 3.5).
Table 3.5 – The predicted ncRNAs in lacertids. ncRNA that were not classified as
any other known ncRNA type and longer than 200 bp were putative long noncoding
RNAs (lincRNAs). The conserved lincRNAs (no coding capacity) were predicted based
on the overlap of orthologous lacertid lincRNAs with conserved sites predicted from
PhastCons.
Species miRNAs snoRNAs tRNAs rRNAs snRNAs(Spliceosomes)
Putative
lincRNAs
Conserved
lincRNAs
Lacerta viridis 260 234 23,060 136 403 9,747 135
Lacerta bilineata 255 237 22,662 155 411 8,931 135
Compared to A. carolinensis, over-representations of genes involved in molecu-
lar functions of transfer RNA (tRNA) aminoacylation (PANTHER release 20170413,
fold enrichment=2.13-2.25, p<0.03) and tRNA metabolic process (PANTHER re-
lease 20170413, fold enrichment=1.84-1.89, p<0.003) were observed in both lacer-
tids, indicating an expansion of tRNA-processing genes before their split. Compared
to other selected tetrapod species, there was a multi-fold increase in the number of
tRNAs (both functional- and pseudo-tRNAs) in the two lacertid species (Figure 3.8).
Highly abundant tRNAs are also found in the genomes of G. japonicus (including
those of Alanine anticodon) and A. mississippiensis (several anticodons) (Figure
3.9). The amino acid usage can vary in the lacertids due to the high copy numbers
of tRNA genes influencing their translation rates. However, this needs to be investi-
gated by comparison of tRNA genes across all other vertebrates since variable copies
of tRNAs across eukaryotic genomes is a known phenomenon (Bermudez-Santana
et al., 2010).
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Figure 3.8 – Abundance of tRNAs across selected sauropsids (ordered as Testudinates,
Eusuchiates and Squamates). (A) Number of functional tRNAs and (B) Number of
pseudo-tRNAs. x-axis represents arbitrary labels for each species with their names in
the figure legend in the same order and y-axis represents log10-scaled counts of tRNAs.
The number of snoRNA and miRNA were almost identical within lacertids, how-
ever the members in each ncRNA class diversified between the two sister species.
MicroRNAs (miRNAs) and small nucleolar RNAs (snoRNAs) in the lacertids ex-
hibited losses compared to the A. carolinensis. 244 miRNAs were identified in L.
bilineata and 242 miRNAs in L. viridis, respectively. This is similar to miRNA
counts in mammals but fewer than in G. gallus and A. carolinensis (Figure 3.10).
After the split of amniotes from the other tetrapods, Birds have experiences a huge
gain of miRNA families compared to other sauropsids. This fast turnover in mi-
croRNAs has been reported previously by Gardner et al. (2015) while noting the
absence of well annotated ncRNAs in bird genomes apart from chicken. While the
total number of predicted snoRNA sequences in the two lacertids and A. carolinensis
were the same (235), they belonged to different numbers of snoRNA families. While
representatives of families SNORA17-43 and SNORA20 were detected in L. viridis
(159 families), they could not be identified in L. bilineata (157 families) (Figure
3.11). There was an observed loss of 20 snoRNA families in the lacertids compared
to A. carolinensis (179 families). Whether these losses are due to limitations in ho-
mology search or true evolutionary gene losses can only be resolved with sequencing
data from multiple individuals. A gain in snoRNA families in Therian mammals
compared to other clades might have led to specialized mechanisms of regulation
and rRNA processing (Scott and Ono, 2011).
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Figure 3.9 – Most abundant functional tRNAs (y-axis is log10-scaled). Lacertids (lvi
and lbi) were compared to other resptiles and humans. Chelonia mydas (cmy), Alligator
mississippiensis (ams), Python bivittatus (pbi), A. carolinensis (acr), G. japonicus (gja)
and Homo sapiens (hsa). Arg – Arginine, Asn – Asparagine, Glu – Glutamate, Ile –
Isoleucine, Lys – Lysine, SeC – Selenocysteine, Ser – Serine, Thr – Threonine, Sup -
Suppressor).
3.4.5 Identification of Genomic Repeats
Homology based sequence searches for repeat elements were performed through
RepeatMasker4.0 using the existing tetrapods database (Smit et al., 2013-2015)
with a maximum divergence of 20% from the database sequences and 45% GC
content background distribution. Ab initio repeat elements identification was per-
formed through RepeatModeler1.0.11 which implements RECON and RepeatScout
for de novo repeat finding (Price et al., 2005; Bao and Eddy, 2002). The repetitive
elements were identified through local alignments of sequences against database el-
ements, searches for high frequency sub strings across the genome and creation of
consensus sequences for the repeats using local alignments.
The identified repeat content differed between L. viridis and L. bilineata; with the
later exhibiting a remarkable gain of long-terminal repeat (LTR) elements. Dou-
ble the amount of LTR-elements in L. bilineata compared to L. viridis were ob-
served (Table 3.6). In total, 38.4% of the L. viridis and 38.2% of the L. bilineata
genomes were predicted to be covered by repeats. LINE and SINE elements assessed
in the tetrapod lineage cover almost identical amounts of both lacertid genomes.
The number of LINEs and LTR-elements identified were different between the two
lacertid genomes (Table 3.7). The SINEs could not be identified by the de novo
Repeatmodeler tool. However, the number of LINEs and LTRs identified through
Repeatmodeler were higher than RepeatMasker. A majority of the elements iden-
tified by Repeatmodeler are unclassified repeats.
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Figure 3.10 – Duplications, gains or losses of miRNA families in different species
ranging from fishes to mammals. The losses of individual miRNAs are indicated in red
and the gains in blue over each branch. The numbers in green represent the number of
individual miRNAs present, the number of total miRNA families are given in parenthesis.
miRNAs not aligning to any family were excluded.
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Table 3.6 – Annotation of repeat-elements (percentage per genome) using
RepeatMasker with the database of tetrapod lineage and RepeatModeler with de novo
libraries. The de novo repeat annotations from RepeatModeler did not include SINE
elements.
Type of repeat
element
Lacerta virdis Lacerta bilineata
Tetrapod lineage RepeatModeler Tetrapod lineage RepeatModeler
SINEs 2.66 - 2.65 -
LINEs 8.88 12.85 8.54 13.21
LTR elements 0.44 1.2 0.74 1.81
DNA transposons 1.62 0.23 1.64 0.14
Unclassified 0.05 24.09 0.05 23.08
Total interspersed repeats 13.64 38.37 13.61 38.23
Table 3.7 – Percentage of LINEs, SINEs and DNA transposons in selected tetrapods
predicted with RepeatMasker (repeats library of tetrapods). The predicted repeat el-
ements are provided as percentage of the genome for each category and the genome
versions are provided in braces. Note: For the genomes without the genome versions in
UCSC, arbitrary genome versions have been used; the statistics for the lacertid species
have been highlighted in bold.
Species
(Genome version)
SINEs
(% in genome)
LINEs
(% in genome)
DNA transposons
(% in genome)
Alligator mississippiensis (allMis1) 0.6 12.41 16.24
Anolis carolinensis (anoCar2) 4.19 13.14 9.5
Chelonia mydas (cheMyd1) 1.89 11.97 8.09
Gallus gallus (galGal4) 0.08 7.02 1.05
Gekko japonicus (gekJap1) 3.91 10.45 0.72
Homo sapiens (hg38) 8.78 14.76 1.29
Lacerta bilineata (lacBil1) 2.66 8.88 1.62
Lacerta viridis (lacVir1) 2.65 8.54 1.64
Lepisosteus oculatus (lepOcu1) 1.58 0.88 1.59
Mus musculus (mm9) 3.72 16.52 0.32
Ornithorhynchus anatinus (ornAna5) 20.05 19.95 0.88
Python bivittatus (pytBit5) 1.2 6.98 1.12
Taeniopygia guttata (taeGut1) 0.08 3.62 0.22
Xenopus tropicalis (xenTro3) 0.29 4.83 19.62
During the prediction of miRNAs, an unexpectedly high number of miRNAs
(more than 3000 copies of both mirna-324 and mir-598) were identified in lacertid
genomes. However, no mature miRNA sequences could be identified through the
RFAM annotations. Indeed, both miRNA categories were identified as DNA trans-
posons. More precisely from the repeat analysis, PIF/Harbinger-like transposons is
similar to mirna-324 and TcMar-Tc2 as mirna-298.
3.5 Baiting the Z-chromosome
Besides the annotation of genomic features, the Z-chromosome contigs were baited
based on existing information of genes located on the Z-chromosome in lacertid
lizards (Rovatsos, Vukic, Altmanova, Johnson Pokorna, Moravec and Kratochvil,
2016; Rovatsos, Vukic and Kratochvil, 2016). Genomic Mapping and Alignment
Program (GMAP) was used for spliced alignment of the query gene transcripts with tol-
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erance for frame-shifts and without chimeric alignments (Wu and Watanabe, 2005).
Although, the total length of the contigs assigned to the Z-chromosome in lacer-
tids was larger (13.5-15.6 Mbp) than the assigned Z-chromosomes of P. vitticeps (8
Mbp), the number of identified genes was similar (205-221 and 219, respectively)
(Ezaz et al., 2005).
Putative Z-chromosome linked contigs contain a few noncoding elements. In L.
viridis, Z-linked contigs totalled 13.8Mbp in length (24 contigs) and 205 protein-
coding genes were assigned to the Z-chromosome. 14% of the Z-chromosome (1.95
Mbp) was covered with repeat elements, over half of which were LINE-elements
(1.05 Mbp). 7 microRNAs, 1 snoRNA, 2 snRNAs (two U2 spliceosomal RNA), 46
functional tRNAs and 115 pseudo tRNAs were identified on the Z-chromosome.
While in L. bilineata, the Z-chromsome is 15.84 Mb of the genome (36 contigs) and
226 protein-coding genes were assigned to it. 11 microRNAs, 1 snoRNA, 3 snR-
NAs (one each of U2, U4 and U6 spliceosomal RNAs), 53 functional tRNAs and
169 pseudo tRNAs were identified and 13.1% (2.08 Mbp) of the total length was
repetitive. Similar to L. viridis, LINE-elements comprised over half of the repeat
elements (1.12 Mbp) on the Z-chromosome of L. bilineata.
3.6 Discussion
The divergence between A. carolinensis and the lacertids dates back to approxi-
mately 150 Mya (Townsend et al., 2011). A. carolinensis contains a different kary-
otype compared to lacertids (Fujita et al., 2010), hence it cannot be used as a
reference while assembling lacertid genomes. Both L. viridis and L. bilineata con-
tain ZW chromosomes (2n=38, 18 macro- and two micro-chromosomes) while A.
carolinensis is XY (2n=36, six macro- and 12 micro-chromosomes). The most con-
tiguous lacertid genome assemblies are from the de novo hybrid assembly methods.
Most of the improvement in the contiguity of genome assembly arises from the er-
ror correction of PacBio data with Illumina reads and using the long read data to
construct longer contigs.
The genomes of the lacertids I generated were of higher quality (in terms of com-
pleteness) compared to the other available lizard genomes. This is be assumed to
be the effect of PacBio sequencing which does not have GC bias in sequencing.
However, this could only be confirmed through resequencing the Illumina assem-
blies with PacBio sequencing and reassembling these genomes. The disadvantage
of indel errors in PacBio data can be overcome with Illumina correction. However,
frame-shift mutations can still persist in the final genome assembly. These can be
removed through local assemblies with Illumina reads from transcriptomes on the
regions with frame shifts. RNAseq data from Illumina also aids in better annotation
of gene boundaries and the coding sequences, hence for newly sequenced non model
genomes, this process can be widely used. The transcript assembly pipelines imple-
ment read normalisation processes since de novo assembly after a certain coverage
threshold (80-100X) becomes less contiguous (Desai et al., 2013). Since different
tissues can have different levels of gene expression, those with low expression can be
under represented and the high identity paralogs of low expression have high chances
of being collapsed i.e. edges removed due to low coverage during the de Brujin graph
construction process (Góngora-Castillo and Buell, 2013). Hence, it was essential to
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assemble each tissue separately. The brain and gonad tissues produced not only
a higher number of transcripts but also longer assemblies, so sequencing of these
tissues proved pivotal.
Annotation of zinc finger transcription factors across vertebrates showed that the
A. carolinensis genome experienced a huge gain in all families of zinc finger pro-
tein families (Liu et al., 2014). Lineage-specific expansion of C2H2 zinc fingers
(ZNFs) in both lacertids with more copies than both A. carolinensis and G. japoni-
cus genomes indicates evolutionary differences in DNA-binding activities which can
alter gene regulatory networks between L. viridis and L. bilineata.
The ncRNAs diverged between the lacertid sister species in terms of both copy
number variation and differences in the content of ncRNA categories. Differences
in miRNA families hint at variability in gene regulatory networks between the lac-
ertid sister species (Bhartiya and Scaria, 2016). Species-specific alternative splicing
mechanisms of pre-mRNA as well as rRNA modifications might be possible due
to losses of snoRNA families (SNORA17 and SNORA20) in L. bilineata (Falaleeva
et al., 2016). This needs to be confirmed with additional RNAseq data with more
biological replicates. The observed over-representation of tRNA-processing genes is
supported by the expansion of tRNA elements in both lacertid species maintained
through deletion-duplication events within lacertids. However, its role in driving
the evolutionary divergence between species remains unknown and the expansion of
tRNA families across eulkaryotic genomes is intriguing (Bermudez-Santana et al.,
2010). The presence of highly abundant miRNA sequences in the lacertid genomes
identified through similarity searches using co-variance models of RFAM database
was peculiar. Upon closer inspection, these were identified as transposons which
evolve through a cut-and-copy mechanism in the genome. Thorough curation is
recommended to avoid mis annotations of noncoding elements with the repetitive
elements. From an evolutionary perspective, follow up studies on DNA transposons
evolution in the lacertids and investigating their role in genome evolution looks
promising.
The lacertid genomes cover more regions of the Z-chromosome than the existing
assembly of Pogona vitticeps (13-16 Mbp and 8 Mbp respectively). The regions of
the Z-chromosome are represented by multiple unordered contigs in both the lacer-
tid genomes. Scaffolding these contigs with additional sequencing or construction of
chromosome level assemblies for these lacertids genomes utilizing advanced sequenc-
ing methods such as Chicago approach which uses long-range chromosomal linkage
(Putnam et al., 2015) could help in gain deeper insights into the evolution of sex
chromosomes in general.
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Chapter 4
Variation, conservation and
selection
4.1 Motivation
L. viridis and L. bilineata are sister species of European green lizards delineated into
separate species from the L. viridis complex based on molecular markers (Böhme,
Fritz, Kotenko, Georg, Katarina, Tzankov and Berendonk, 2007; Joger et al., 2001;
Tvrtkovi et al., 1998) and crossing experiments that showed reduced fitness of the
offsprings (Rykena, 1991). They have been estimated to have split in the post glacial
period in the Pleistocene between 3-6 million years ago (Mya) (Hedges et al., 2006).
However, the mutations that promote divergent evolution between these two sister
species have been unexplored. Here, I used the genome and transcriptome data
(refer to chapter 3) to analyse variation between the two lacertids through sequence
variation, gene losses or gains, differences in transcription factor genes (especially
zinc fingers) selection in coding regions and conservation of genetic elements across
tetrapods. From these analyses, I attempt to identify the candidate genes contribut-
ing to divergent evolution and eventually speciation in lacertid lizards.
4.2 Detection of Genomic Variation in Lacertids
Genomic variation between closely related species can be quantified by the investi-
gation of Single Nucleotide Polymorphisms (SNPs) or the less common single nu-
cleotide variations (SNVs), structural variations (SVs) and rearrangements. This
variation can appear across the genome, however the inter-genic regions are more
susceptible since higher negative selection in genes (primarily CDS) due to their
functional significance. An overview of the methods used for genomic structural
variation detection is given in Figure 4.1.
4.2.1 Pairwise Genome Alignments and Conserved Blocks
Pairwise alignments between the two lacertid genomes were generated with the
blastz-synteny pipeline from UCSC (Kent et al., 2003). High scoring LASTZ
alignments were generated with a score-threshold of 5000, step-size of 9 and in-
ner threshold of 3000 followed by chaining and netting. Break points or differences
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Figure 4.1 – Work flow for the detection of rearrangements or large variants between
the lacertid genomes. The tools or methods used for the detection have been highlighted
in bold. L. viridis was the reference to detect these variants between the two species.
between syntenic blocks were later used for detecting rearrangements or large vari-
ants. Syntenies are co-localization of large regions (identical gene order) between
the compared genomes. The collinear blocks with high level of conservation in the
lacertid genomes were identified by extracting syntenies (at least 1 kbp) observed
when querying with L. bilineata against L. viridis. 55.3 Mbp of the L. viridis genome
is defined as collinear with L. bilineata.
4.2.2 Detection of Regions with Large Variation through
Reads or Genome Alignments
Genomic rearrangements or large variation through structural variants (SVs) be-
tween the lacertids were detected based on both read-based methods and syntenic
block information. L. viridis was used as the reference genome since the assembly
was more contiguous. Control and query variant calls were defined by the source
species for the genomic reads aligned against the L. viridis reference.
Read-based pipelines
Genomic rearrangements were detected between lacertids using read mapping based
methods for Illumina paired-end reads and for PacBio-reads separately, followed by
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SV callers specifically developed to deal with short and long read alignment data.
In both approaches, reads of L. bilineata (query) and of L. viridis (control) were
separately mapped against the same reference (L. viridis). The Illumina reads from
both L. viridis and L. bilineata were mapped to the reference L. viridis genome
with BWA-MEM (Li, 2013) and rearrangements were detected with MetaSV pipeline
(Mohiyuddin et al., 2015). The self alignments serve as negative control to filter out
false positives in complex regions, affected by repeats or reference genome miassem-
blies. The tools employed in MetaSV were Breakdancer (Chen et al., 2009) to infer
SVs using paired-end read information, copy-number variants (CNVs) prediction by
CNVnator by locating regions with abnormal read-coverages (Abyzov et al., 2011)
and detection of large SV-related breakpoints through Pindel (Ye et al., 2009). SVs
were inferred from events with a minimum support of five reads and a mapping
quality of 30 with Breakdancer. The genome was divided into bins of 500 bp to
calculate read depth and only precise SV-events were called using CNVnator. For
Pindel, only variants with minimum read support of five paired-reads were called.
The called SVs from the three tools were merged using the MetaSV pipeline and
insertions were detected in particular through local de novo assemblies using the
ABySS assembler. In order to filter false positives and retain calls with >90% speci-
ficity, only the events with a minimum of eight uniquely mapped paired-end reads
were retained as recommended by Xie and Tammi (2009). The PacBio reads were
aligned to the reference with NGMLR aligner and read alignments were passed on to
Sniffles SV-caller to call variants supported by at least seven reads (half of the
PacBio sequencing coverage) (Sedlazeck et al., 2018). Sniﬄes detects SVs based on
split-read alignments, high proportion of mismatches in the alignment and differ-
ences in genomic coverage. Different SVs or longer rearrangements were detected
through read mapping with Illumina and PacBio data using paired-end information,
split-read alignments, coverage differences and mismatches as shown in Figure 4.2.
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Figure 4.2 – Detection of structural variants from Illumina and PacBio read align-
ments. The reference genome sequence is shown in blue and the reads from the query
genome are represented as paired-end Illumina in blue and yellow for read pairs and
orange for long PacBio reads. Mapping of the reads onto the reference genome can
be used to detect the five types of SVs shown here - Deletion, Insertion, Duplication,
Inversion and Transposition. Deletions can be detection by split reads, breakpoints can
be identified from read clipping or mismatches and insertions can be locally assembled
(shown in grey). Duplications are represented by gain in coverage in the query genome.
Inversions are represented by misorientation of the mate in the paired-end data or split
in the long read with change in orientation in the rest of the read. Transpositions are
identified by split read mapping and with supplementary alignment of the query read at
a different genomic position. Note - Discordant read mapping of paired-end reads can
be used to detect long indels.
Inferring rearrangements from pairwise genome alignments
In addition to read-based methods, rearrangements were also detected from the
blocks of synteny obtained through the UCSC pipeline (Kent et al., 2003). The
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alignments were converted to single-coverage genomes through the MultiZ pipeline
(Blanchette et al., 2004) to avoid spurious assignments. Hierarchical Alignment
(HAL) format of the single-coverage genomes was used to predict rearrangements
with halBranchMutations tool (Hickey et al., 2013). This tool annotates genomic
rearrangements based on the branch of interest (between L. viridis and L. bilineata).
The events detected within both directions through HAL i.e. L. viridis as reference
with L. bilineata as query and L. bilineata reference with L. viridis query were
retained.
Filtering for high quality large genomic variants
The length threshold was set to 50bp and the predicted large variants were filtered
based on quality to reduce false-positives. I considered the genomic rearrangements
that satisfy one of the following conditions: (1) high quality (PASS tag) in MetaSV,
(2) high quality precise events in Sniffles, (3) two sided events (both lacertid
genomes as references) detected through the HAL or (4) simple indels from syntenic
blocks (clustered gaps in one genome but no gap in another) or inversions indi-
cated by strand changes in successive syntenic blocks (for example +/-/+ or -/+/-).
The predicted rearrangements that overlapped were merged according to their type
(insertions, inversions, deletions and duplications). These list of high quality rear-
rangements were then filtered restricting to those variants that do not overlap the
control set. A control set was used to filter out regions which could be mis-assembled
in the reference genome or containing segmental duplications or palindromic regions.
These regions were detected through MetaSV by aligning Illumina reads of L. viridis
against its own genome. For the PacBio data, self genomics read alignments were
used to detect large variants using Sniffles of each lacertid genome (both L. viridis
and L. bilineata reads against their respective genome assemblies).
4.2.2.1 Locating regions accumulating divergence
Inversions are known drivers of divergence between populations and species, they
suppress recombination and evolve can contribute to speciation (Kirkpatrick, 2010).
Simple inversions with changes in direction of one of the query alignments with
respect to the reference were called through strand changes between adjacent blocks
based on the orientation of the successive (I+1) and preceding (I-1) blocks. However
other types of inversions which either run over multiple adjacent blocks or with
low alignment quality are likely to be missed. A pipeline which can detect the
aforementioned inversions based on different categories from alignment blocks as
shown in Figure 4.3 was designed. This pipeline also detects duplications in both
the reference and query species genomes (Algorithm 1).
Procedure for prefiltering
In the prefiltering algorithm, the input is the list of all alignments pre-sorted by query
or target sequence name and position in PSL format. Those alignments which are
a subset of the existing alignment in the query but occurring at additional location
match(es) in the reference are considered duplications in the reference. While those
alignments with multiple positions in the query genome but represented by only one
region in the reference are considered as query genome duplications. The basis for
sorting of the alignments is used to separate query and reference genome alignments.
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Figure 4.3 – Four types of inversions detected through the inversion detection pipeline:
(1) Simple inversions from single blocks with change in direction, (2) Extended inversions
running over multiple query blocks from the same chromosome or contig, (3) Inversion
breakpoints detected spanning multiple query contigs but with support on only one
end for each query contig and (4) iterative search for inversions in regions missing in
the alignments due to high divergence. Successive alignments blocks can be from the
same query and reference sequence (multiple Q1’s in 1) due to the presence of high
divergence, mismatches or large gaps hindering alignments. The break point inversions
can be resolved through scaffolding.
The alignments which are subsets of existing regions in both query and target are
considered spurious. Both duplications and spurious alignments are pre-filtered
before the subsequent process of detecting inverted regions. Indels and deletions were
also predicted. Regions with missing bases in the query alone represent deletions
while gaps in the reference alone represent insertions.
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Algorithm 1 Detecting duplications and pre-filtering
Require: Pairwise genomic alignments sorted by reference or query
S ← {s1, s2, .., sL} . list of all sorted alignments in PSL format
L← |S| . Total number of alignments
Ensure: Sorted list of single coverage alignments in PSL format
S_Qi : alignment with respect to query
S_Ri : alignment with respect to reference
name(Qi) : name of query sequence in the alignment
name(Ri) : name of reference sequence in the alignment
Aln : filtered list of alignments
DR : list of duplications in reference
DQ : list of duplications in query
procedure Filtering redundancy
Aln← [ ]; DR ← [ ]; DQ ← [ ] ;
for each alignment until the last do . This block checks for overlaps
if si+1 overlaps si then
if S sorted by query then
if S_Ri overlaps S_Ri+1 then
if S_Qi ¬overlap S_Qi+1 ∧ name(Qi+1) 6= name(Qi) then
DR ← DR ∨ S_Ri+1 . Probable duplication in reference
end if
end if
end if
if S sorted by reference then
if S_Qi overlaps S_Qi+1 then
if S_Ri ¬overlap S_Ri+1 ∧ name(Ri) 6= name(Ri+1) then
DQ ← DQ ∨ S_Qi+1 . Probable duplication in query
end if
end if
Aln← Aln ∨ {si} . add current to filtered list
end if
else
Aln← Aln ∨ {si, si+1} . add both to filtered list
end if
end for
return Aln . List of filtered alignments
end procedure
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Procedure for detecting long inversions
Apart from normal strand changes in inverted segments restricted to a query or ref-
erence sequence, extended long inversions and breakpoints were also detected with
this pipeline (Algorithm 2). The pre-filtered list of alignments sorted by reference
genomic positions in PSL format serves as the input for the inversion detection
pipeline. Strand changes between the alignments help in detecting the inversions.
Since the alignments are sorted and chained, those located on the opposite strand
compared to the previous and succeeding alignments from the same query and ref-
erence contigs are considered to be simple inversions. Alignments on a particular
strand spread over multiple sub-blocks between flanking alignments which are both
on the opposite strand from the same query and target contigs are long inversions.
The inverted regions can also be extended over multiple query sequences (different
query names) but from a single reference chromosome or contig. Breakpoints for
inversions were also detected through strand changes with no end points or running
into other contigs with respect to the reference due to fragmentation. Divergent
regions between the genomes could be identified by comparing adjacent alignments
for large blocks of missing regions (more than 500 bp) in both reference and query
genomes. Missing regions were extracted by comparing the end position of the cur-
rent alignment to the start position of the succeeding block in both the reference
and query.
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Algorithm 2 Inversions from alignments
Require: Pre-filtered list of alignments sorted by reference
1: Sf ← {a1, a2, .., aL} . list of all filtered alignments sorted by reference
2: Lf ← |Sf | . Total number of filtered alignments
Ensure: List of detected inversions
3: Qname : name of the query sequence
4: Rname : reference sequence name
5: start : start position in reference
6: end : start position in reference
7: dir : direction of strand with respect to reference i.e. +/-
8: Sf_Qi : alignment with respect to query
9: Sf_Ri : alignment with respect to reference
10: name(Qi) : name of query sequence in the alignment
11: name(Ri) : name of reference sequence in the alignment
12: initial : variable to store start of inversion
13: final : variable to store inversion end position
14: DivRef : divergent reference regions
15: DivQry : divergent query regions
16: Inv : list of inversions
17:
18: procedure Detecting inversions and diverged regions
19: Inv ← [ ]; DivQry ← [ ]; DivRef ← [ ];
20:
21: for i = 1, i++, i < Lf do
22: if diri+1 6= diri ∧ diri+2 = diri then . Comparing for strand changes
23: if (name(Ri) = name(Ri+1) = name(Ri+2)) ∧ (name(Qi) =
name(Qi+1) = name(Qi+2)) then
24: Inv ← Inv ∨ {name(Ri+1); start(Ri+1); end(Ri+1)} . Simple
inversion
25: end if
26: else if diri+1 6= diri ∧ diri+2 6= diri then . Comparing adjacent blocks
27: if name(Ri) ∧ name(Ri+1) ∧ name(Ri+2) is identical then
28: initial← ai+1
29: while name(Ri) ∧ name(Ri+1) ∧ name(Ri+2) is identical do
30: if diri+2 6= diri+1 then . Change in direction
31: final← ai+1
32: if name(Qi)∧name(Qi+1)∧name(Qi+2) is identical then
33: Inv ← Inv∨{name(Ri+1); start(initialR); end(finalR)}
. Long Inversion
34: else
35: Inv ← Inv∨{name(Ri+1); start(initialR); end(finalR)}
. Extended Inversion
36: end if
37: end if
38: end while
39: Inv ← Inv ∨ {name(initialR); end(initialR); end(initialR) + 1}
40: . Inversion break-point
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41:
42: else if name(Ri) ∧ name(Ri+1) ∧ name(Ri+2) not identical then
43: Inv ← Inv ∨ {name(initialR); end(initialR); end(initialR) + 1}
44: . Inversion break-point w.r.t reference
45: end if
46: end if
47: if (start(Ri+1) − end(Ri) ≈ start(Qi+1) − end(Qi)) ∧ (start(Ri+1) −
end(Ri) ≥ 500)∧ (name(Ri+1) = name(Ri))∧ (name(Qi+1) = name(Qi)) then
48: . Approximately same sizes in gaps between successive alignment blocks i.e.
<5% difference
49: DivQry ← DivQry ∨ {name(Qi); end(Qi) + 1; start(Qi+1)− 1} .
Divergent query regions
50: DivRef ← DivRef ∨ {name(Ri); end(Ri) + 1; start(Ri+1)− 1} .
Divergent reference regions
51: end if
52: end for
53: return Inv . List of all inversions in reference coordinates
54: return DivQry . List of divergent regions in query for realignment with
relaxed parameters
55: return DivRef . List of divergent regions with respect to reference
56:
57: end procedure
58:
The accuracy of the genome alignment tools plays a major role in inferring
rearrangements in the genome. Since inversions to play a major role in driving
divergence, I tested the prediction rates of different genome alignment tools in detect
inversions through the developed pipeline. This was done through simulation of
random inverted sequences from random regions from chromosome 21 of the chimp
genome (version PanTro3), ranging from 200bp to 80,000bp. Three alignment tools
(LASTZ, BWA-MEM and Minimap2) were tested with the pipeline to detect inversions
in particular (Harris, 2007; Li, 2013, 2018). The genomic sequences in the query
genome of L. bilineata were split into sequences of 20000 bp with 1000 bp overlap
to handle large sequence alignments, which were later merged through liftUp files.
However, Minimap2 did not require this splitting of large sequences. For LASTZ
and BWA-MEM, the whole UCSC blastz-syntenic pipeline was used to create large
syntenic blocks from the sub alignments (Kent et al., 2003) spanning gaps of utmost
3 Mbp. The options recommended for moderately similar genomes were employed
for aligning sequences with LASTZ (4.1). Options for faster alignments and more
sensitivity to detect inversions without paired-end read specific paramters (-PS and
-U 0) were used for BWA-MEM (4.2) and parameters for decreased run-times were
optimised for Minimap2 (4.3).
lastz –chain –noytrim –hspthresh=5000 –inner=3000 –step=9 (4.1)
bwa mem -U0 -y15 -w50 -PSY -k11 -W20 -D0.8 -r10 -A1 -B1 -O1 -E1 -L0 (4.2)
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minimap2 -r 1000 -k15 -w15 -A4 -B30 -O10,21 -E10,3 -s100 -z200,20 (4.3)
In the LASTZ similarity search alignments, chaining was performed to join adjacent
blocks with no trimming of bases at the ends of the alignments when the scores
dropped below the score threshold. A score threshold of 5000 (medium similarity)
and an inner threshold of 3000 were used to search for sub alignments with lower
scores. A step size of 9 was used to skip search for seed regions and for faster
alignments.
For the BWA-MEM run, soft-clipping without penalty was performed for supplementary
alignments (-Y and -L), small seed length of 11 (-k), internal seed searching for long
seeds i.e. 110 (-r), seed occurrence of 15 for 3rd round seeding, filtering of chains
shorter than 80% of the longest chain in alignment and short seeds (-D and -W)
were used with adjusted match, mismatch and gap penalties (A,B,E,O). While in
Minimap2, long bandwidth of 1000 for chaining (-r), larger minimizer window size of
15 (-w) and optimised scoring parameters for maximal detection (A,B,O,E,s,z) were
used. The mapping qualities of 20 (probability of correct mapping is 0.99) and 60
(one best alignment) were given as threshold to test Minimap2 in particular, since
it was faster than the existing tools.
The accuracy of the detected inversions through the pipeline were reported through
Positive Prediction Value (PPV) of the calls based on their overlap criterion. The
overlap criterion represents the ratio of the size of the variation detected compared to
the actual size of the simulated variant. Positive predictive value (PPV) is identical
to Precision (Equation 4.4).
PPV = Precision = TPTP + FP (4.4)
The precision for inversions was highest with Minimap2 and BWA-MEM, how-
ever this did not vary much with the overlap criterion unlike LASTZ (Figure 4.4).
Minimap2 was faster compared to other tools (Li, 2018) without loss in accuracy,
hence it was used to predict inversions in the lacertids with one iteration of alignment
search with BWA-MEM limited to completely unaligned regions. In the final version
of the pipeline, high confident alignments with Minimap2 i.e. alignment quality of
60 were used for predicting inversions. Even though the precision was lower for this
category, the number of predicted inversions were higher (Figure 4.4B). The un-
aligned regions in Minimap2 runs due to high mismatches or gaps in Minimap2 were
realigned to the genome with BWA-MEM. The final list of inversions were produced
after the removal of overlapping sub-sets of shorter inversions.
83
CHAPTER 4. VARIATION, CONSERVATION AND SELECTION
Figure 4.4 – Accuracy of predicting inversions with the pipeline using different genome
aligners BWA-MEM, LASTZ and Minimap2 with default (mapping quality of 20) and strict
options (mapping quality of 60). (A) Precision-overlap curve with different alignment
tools (B) The number of true positive detections from genome alignment tools at multiple
overlap criterion. Note: Mapping quality of 20 is not the default in Minimap2, this was
used to filter low quality alignments.
4.2.2.2 Genomic regions with large variation between L. viridis and L.
bilineata
20160 genomic rearrangements or structural variants (SVs) longer than 50bp were
predicted between the two lacertids (Figure 4.5, Table 4.1). These rearrangements
covered 39.4Mb of the L. viridis genome accounting to 2.7% of the genome. The
difference in the GC content between rearranged regions (47.1%) and regions with no
detected rearrangements (44.5%) was significant (Wilcoxin two-sided test: p<2.2e-
16). This contrast in GC-content was previously observed for genomic breakpoints,
copy-number variants (CNVs) and somatic rearrangements (Bauters et al., 2008;
Froyen et al., 2012; Drier et al., 2013).
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Figure 4.5 – The total number and length ranges (in bp) of genomic rearrangements or
SVs between L. viridis and L. bilineata. The counts are represented by bars and length
ranges by whiskers (y-axis is log10-scaled). The rearrangements plotted are categorized
into deletions (DEL), duplications (DUP), insertions (INS) and inversions (INV).
Table 4.1 – Summary of SVs detected between L. viridis and L. bilineata with the
former genome as the reference. The duplications were detected from read coverages
since the syntenic alignments were reduced to single coverages for both genomes, thus
eliminating redundant alignments. Note - This data was used to generate Figure 4.5
Type Deletion Duplication Insertion Inversion
Number of Events 18724 30 973 430
Total bases (kbp) 20937 705 757 16811
Maximum size (bp) 132486 79520 22792 842729
Median size (bp) 333 13385 267 10812
Average size (bp) 1118 23496 778 39095
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10.8 Mb of the L. viridis genome (0.07%) was detected to be covered with rela-
tively large rearrangements affecting genes (covering the entire length of more than
one gene) compared to L. bilineata, however these regions had a slightly smaller
GC content (44.4%). These large rearranged regions were detected to as enriched
for RNA-directed DNA polymerase activity (22.46 fold-enrichment, p=5.11e-03)
through PANTHER overrepresentation test (20171205).
Indels were the most frequent genomic rearrangements mainly affecting introns, re-
peat elements and pseudo-tRNAs (Table 4.2). This is similar to the observations
made with respect to SVs in human populations and pigs (Sudmant et al., 2015;
Zhao et al., 2016). Most SVs overlapping exons cover entire exons and do not re-
sult in frame-shift mutations, with the exception of EXD2, HERC2 and another
uncharacterized gene. Three genes were interrupted by indels causing frame-shift
mutations, deletions in EXD2 (62 bp) and HERC2 (70 bp) and a gene encoding
an uncharacterised protein (homologous to R4G973 protein in A. carolinensis) with
an in-frame insertion. This uncharacterised protein contains a reverse transcriptase
domain (PF0078), however the insertion occurs outside this domain.
Table 4.2 – Number of genes affected by genomic rearrangements (or SVs) in coding
and non-coding regions between L. viridis and L. bilineata. If no rearrangement over-
lapped with the respective feature, the value of the cell is marked by “-”. Note that the
respective rearrangement category was counted at most once for each genomic feature
even if it overlapped the same genomic feature multiple times; for the ncRNAs only the
features completely overlapping with rearrangements were considered. The overlaps of
rearrangements with protein coding regions are divided into “Entire gene” where the
rearrangement overlaps over a complete gene and partial overlaps with exons, introns
or Untranslated regions (UTRs).
Genomic feature Deletions Insertions Duplications Inversions
Exons 42 13 8 78
Introns 2843 167 10 98
UTRs - - - -
Entire gene 165 1 13 222
miRNA - - - 5
snoRNA - - - 2
snRNA 4 - - 5
tRNA (functional) 3 3 2 81
tRNA (pseudo) 23 3 8 222
lincRNA 1 - - 1
EXD2 promotes efficient homologous recombination (HR) and provides resis-
tance to double-stranded breaks (DSBs) through its exonuclease activity. Further-
more, cells depleted for EXD2 have shown spontaneous chromosomal instability
(Broderick et al., 2016). However, the deletion in EXD2 occurs outside the 3’-5’
exonuclease domain. On the contrary, the deletion in HERC2 gene occurs in one of
the five RCC1 repeat functional domains (PF00415 - Regular of chromosome con-
densation (RCC1) repeat). HERC2 is known to promote RNF8–Ubc13 interaction
required for DNA repair and it has been speculated that mutations in HERC2 com-
promise genomic stability (Bekker-Jensen et al., 2009). HERC2 is not mandatory for
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RNF8–Ubc13 interaction with DNA damage repair occurring even in the absence of
HERC2, primarily through ubiquitin ligase activity of RNF8 (Bekker-Jensen et al.,
2009). The function of knocked down EXD2 gene in humans is known to be com-
plemented by the MRE11 gene active in the same pathways as EXD2 (Broderick
et al., 2016).
4.3 Comparison of Lacertid Genomes with
Other Tetrapods
The lacertid lizard genomes were compared to the genomes of other vertebrates (sub
phylum) and tetrapods (superclass) to observe patterns of conservation across these
taxonomic groups. Accordingly, these genomes were aligned and sites experiencing
varying degrees of selection and regions under conservation were predicted. This
would help identify evolutionary differences specific to lacertids and regions under
high levels of conservation apart from coding sequences (noncoding or regulatory
RNA) across tetrapods. Multiple genome alignments were built with L. viridis as
the reference and the queries from the chromosomes or contigs of L. bilineata, Homo
sapiens (hg19), Gallus gallus (galGal3), Xenopus tropicalis (xenTro3), Alligator
mississippiensis (allMis1) and Anolis carolinensis (anoCar2) using tba-roast and
MultiZ (Blanchette et al., 2004). Single-coverage alignments were generated where
the query and target regions are represented once.
4.3.1 Conservation and Acceleration across the Genome
Conservation scores for the L. viridis genome were computed based on these single-
coverage multi-genome alignments with phylop and phastCons from the PHAST
package (Siepel et al., 2005; Hubisz et al., 2011; Pollard et al., 2010). PhyloP is
an improved estimation of conservation scores across the genome through a base-
by-base approach while phastCons is an earlier windowed approach to detect con-
served regions. The basis for the conservation scores were two state phylogenetic
HMM (phylo-HMM), one state for conserved and another state for non conserved.
The average substitution rates across the branch lengths of the phylogeny were ap-
plied through the scaling parameter ρ (0 ≤ ρ ≤ 1). The estimation of the free
parameters are run until convergence through an EM algorithm.
The advantage of phyloP is the estimation of accelerated sites along with conserved
sites through two-sided tests in comparison to a neutral model. A null distribution
of the total substitutions from the tree model (from phyloFit) are computed and
the actual number of substitutions that occurred are estimated. The significance (p-
value) of deviation of the actual substitutions with respect to the null model (ρ) can
be calculated through several methods, here I used the score-based test since it has
power to detect even weak signals of conservation or acceleration. The score-based
test required only the null model fitting without alternative model thus substantially
reducing computation times. The phyloP scores were generated with base-by-base
option using the SCORE method (for p-values) with CONACC mode (two sided
testing) under a neutral background model. To test for accelerated evolution, the
features from the annotation of the genes were used to generate phyloP scores sep-
arately (features option, SCORE method, CONACC mode).
87
CHAPTER 4. VARIATION, CONSERVATION AND SELECTION
From the analysis of conserved sites across tetrapods, 8% of the L. viridis genome (71
Mbps) was identified to experience accelerated evolution. Coding regions affected
by acceleration evolution were enriched for RNA-dependent DNA biosynthetic bio-
logical process (GO:0006278; Fold-enrichment=32.79, p=1.59e-21, FDR=4.14e-18)
and primarily overlapped with LINE-1 retro-transposable elements. The disparity
in the number of LINEs was higher compared to other repeat elements between
lacertid species (please refer to the section on repeat annotations in chapter 3).
In addition to the tests for conservation with respect to a reference genome, lineage
specific differences in selection were predicted through Detection of LinEage Specific
Selection (DLESS) which identifies conserved genomic elements and regions experi-
encing varying levels of purifying selection (Apostolico et al., 2006). This method is
based on phylogenetic HMMs without the use of coding sequences for a priori, thus
applicable to even identify selection in noncoding or intergenic regions. The neutral
model was generated with phyloFit from the multiple genome alignments with other
tetrapods and the indels across the lineages were predicted with indelHistory of
PHAST package. The statistical significance of the predictions were computed based
on the prior and posterior distributions of the number of substitutions in the evolv-
ing elements. Conservation across a particular lineages(s) is represented by "Gain"
and loss of selection on a particular branch is represented by "Loss".
Genes involved in neuronal activity, behaviour, auditory perception and female
reproductive system development were conserved in the lacertid ancestor i.e. before
the split between the two lacertid species (compared to five other vertebrates as back-
ground). Genes with different selective constraints between the two lacertid species
(i.e. differently influenced by purifying selection after the split between L. viridis
and L. bilineata) were related to brain and neural development, embryo and carti-
lage development along with behavioural responses (Table 4.3). The protein coding
regions affected by lineage-specific negative selection (detected through DLESS) and
overlapping with mobile elements were detected in L. bilineata (LINE-elements: L1,
L2, RTE and satellite repeat: MMSAT4).
Table 4.3 – Lineage-specific selection events in genes observed in the lacertid ancestor
or one of the two lacertid species. The birth events (selection occurred in a selected
branch after divergence from ancestor) in genes are represented by “Gain” and death
events (loss of selection) by “Loss”.
Type of event Lineage of the observed event Gene name Ontologies
Gain Lacertid ancestor WFS1; Wolframin ERTransmembrane Glycoprotein
Signal transduction, cyclin-CDK,
visual and sound perception
NRIP1; Nuclear Receptor
Interacting Protein 1 Ovarian follicle rupture
Loss Lacertid ancestor SNCA; Synuclein Alpha protein Adult locomotory behavior andsynaptic transmission
NR2F2; Nuclear Receptor
Subfamily 2 Group F Member 2 Placental development
IGF1R; Insulin Like
Growth Factor 1 Receptor Immune response
Gain L. viridis ARHGAP35; Rho GTPaseActivating Protein 35 Neural development
FOXJ1; Forkhead Box J1 protein Brain development
BBS12; Bardet-Biedl Syndrome
12 protein Eating behavior
Gain L. bilineata EIF4G1; Eukaryotic TranslationInitiation Factor 4 Gamma 1 Behavioral fear response
EPN1; Essential nuclear protein 1 Neuron differentiation andembryonic organ development
ITGB8; Integrin beta-8 Cartilage development
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4.3.2 Identification of Orthologs
Orthologous sequences across related species are conserved due to reduced muta-
tion rates. The differences in gene copies can be tested through the comparison
of orthologs between lacertids and other vertebrates. The coding sequences (CDS)
of five species, namely anole lizard (Anolis carolinensis), chicken (Gallus gallus),
frog (Xenopus tropicalis), spotted gar fish (Lepisosteus oculatus) and human (Homo
sapiens) were downloaded from the Ensembl database version 83 (Yates et al., 2016).
To keep the data consistent and avoid re-annotations, the CDS annotations were
also extracted from the Ensembl database. The orthologs between the coding se-
quences of the species were identified with ProteinOrtho V5 using the synteny op-
tion (Lechner et al., 2011). ProteinOrtho uses a reciprocal best alignment heuristic
(RBAH) with additional information from the syntenies to reduce false orthology
assignments. A graph based approach was implemented in ProteinOrtho based on
connectivity of co-ortholog components across multiple species where the solution
is represented by nearly disjoint maximal nearly-complete multipartite subgraphs
where each subgraph is an orthologous or paralogous protein cluster across multiple
species. Edge-weighted directed graphs whose vertices represent protein sequences,
edge connectivity represent similarity and edge weights encode bit-scores of BLAST
alignments were used to determine orthologs. Subgraphs with dense self species con-
nectivity represent genes with multiple copies i.e. paralogous genes evolving through
duplication events.
10652 single-copy orthologs (SCOs) were identified between the lacertids and 4334
in lizards (shared with A. carolinensis, P. vitticeps, G. japonicus). 15 orthologous
groups contained paralogs specific to either one of the lacertid species. However,
these groups do not likely represent lineage-specific duplications but rather absence
of annotation or missing genomic regions in one of the genomes since the L. bi-
lineata assembly is more fragmented. Lacertid specific paralogs were observed for
RNA-binding proteins (CFDP2) and ribosomal proteins (RPL7A). The gain in gene
copies or the losses can be detected through the comparison of gene families with
multiple paralogs.
4.3.3 Estimation of Pairwise Divergence from Coding
Sequences
The SCOs between L. viridis and L. bilineata were used to estimate the species
divergence based on their CDS. The ratio to synonymous (Ks) to the non synony-
mous (Ka) mutation rates i.e. ω value between the SCOs can be used to test
selection. ω values (Ka/Ks) equal to 1 indicate neutral, ω>1 indicate positive
(diversifying) and ω<1 indicate negative (purifying) selection. However, ω esti-
mates are sensitive to the underlying substitution model based on sequence features,
hence KaKs_Calculator 2.0 toolkit was used to calculate the ω based on different
substitution models (Wang et al., 2010). This toolkit adopts Akaike information
criterion (AIC) to compare the measure of fitness between the models and the data.
The best-fit model was selected and the parameters were averaged across candi-
date models to include the needed features in order to calculate Ka and Ks, this is
known as model averaging (MA). Table 4.4 shows the 14 different models used for
calculating KaKs through MA using the KaKs_Calculator 2.0.
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Table 4.4 – 14 different models considered for estimating divergence through model
averaging in the KaKs_Calculator 2.0. The properties of each model (i.e. nucleotide
frequency and substitution rate) have also been listed. Here rij represents the substi-
tution rate of i for j, where i,j are nucleotide bases (A,T,G,C). Source: Zhang et al.
(2006).
Model Description (Reference) Nucleotide frequency Substitution rate
JC
F81
Jukes-Cantor model
Felsenstein’s model
Equal
Unequal rTC = rAG = rTA = rCG = rTG = rCA
K2P
HKY
Kimura’s two-parameter model
Hasegawa-Kishino-Yano model
Equal
Unequal rTC = rAG - rTA = rCG = rTG = rCA
TNEF
TN
TN model with equal nucleotide frequencies
Tamura-Nei model
Equal
Unequal rTC 6= rAG 6= rTA = rCG = rTG = rCA
K3P
K3PUF
Kimura’s three-parameter model
K3P model with unequal nucleotide frequencies
Equal
Unequal rTC = rAG 6= rTA = rCG 6= rTG = rCA
TIMEF
TIM
Transition model with equal nucleotide frequencies
Transition model
Equal
Unequal rTC 6= rAG 6= rTA = rCG 6= rTG = rCA
TVMEF
TVM
Transversion model with equal nucleotide frequencies
Transversion model
Equal
Unequal rTC = rAG 6= rTA 6= rCG 6= rTG 6= rCA
SYM
GTR
Symmetrical model
General time-reversible model
Equal
Unequal rTC 6= rAG 6= rTA 6= rCG 6= rTG 6= rCA
Gamma MYN (γ-MYN) model is the most parameter rich and considers un-
equal substitution rates among nucleotides (Wang et al., 2009). This considers a
gamma distribution for the evolutionary rates at each site along with three other
features i.e. transition/transversion rate, nucleotide frequencies and unequal tran-
sitional substitution were used to estimate divergence. Since γ-MYN model is not
included in MA, I calculated the divergence estimates with this model separately
using KaKs_Calculator 2.0. The CDS orthologs with valid Ka and Ks estimates
(Fisher’s exact p≤0.05) were used to estimate divergence as follows -
TDiv =
Ks
µ
(4.5)
where TDiv is the time of divergence, Ks is the synonymous mutation rate and µis
the mutation rate in lacertids (µ= 1.14× 10−8).
The median synonymous substitution rate (Ks) and non-synonymous substi-
tution rate (Ka) based on 7,030 SCOs (filtered for significant estimates of KaKs
through Fisher’s test p<0.05) between the two lacertid species were 0.021 and 0.016
respectively. A divergence time of 2.5-2.9 million years was estimated between the
two species based on 4d-sites.
4.4 Positive Selection in Coding Regions
The evolutionary changes specific to the lacertid ancestor branch or to either of the
lacertids were estimated through tests for positive selection. The SCOs were used
in the tests for positive selection between the lacertids. With distant outgroups, the
signatures of selection (positive selection in particular) cannot be observed due to
the higher rates of accumulated mutations. Hence, the CDS from other available
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lizard genomes (A. carolinensis, Gekko japonicus and Pogona vitticeps) were also
used to detect orthologs. The SCOs from the lacertids and the lizard outgroups
were used to test for positive selection specific to a particular lineage(s). POTION
pipeline was used to pre-process the SCO gene sets (Hongo et al., 2015) to reduce
false positive rates. The protein identity in BLAST was set to 70% in each ortholo-
gous group with e-value threshold of 1e-06. The sequence size limits were restricted
in each group to a higher limit of 10 times and a lower limit of 0.2 times the median
sequence size in the group. Only the groups with at least 4 species were retained and
the ambiguous sequences were filtered. The orthologous coding sequences from the
different species were aligned with MACSE (Ranwez et al., 2011) while accounting for
frame-shifts and the stop codons at sequence ends were removed. The gaps in the
sequence alignments were filtered through trimAL (Capella-Gutierrez et al., 2009).
Since recombination events can be misinterpreted as events of selective pressure, the
orthologous groups with probable significant recombination (p≤0.05, q≤0.05) were
filtered through permutation tests using PhiPack software (Bruen, 2005).
Unrooted trees were generated through maximum likelihood methods through phyML
(Guindon et al., 2010) with a bootstrap value of 100 and the trees were marked with
three different foreground branches: i) lacertids (L. viridis and L. bilineata) ii) L.
viridis alone and iii) L. bilineata alone. PhyML uses an initial tree built from a
fast distance-based method and improves the likelihood of the tree by iterating ad-
justments in topology and branch lengths through a simple hill-climbing algorithm.
To overcome the problem of fixing at local minima, subtree pruning and regrafting
(SPR) moves are used by relying on parsimony based filtering of less reliable trees
while exploring the tree topology space. The SCOs with marked trees were tested
test for positive-selection using branch-site model of codeml (model 2a) within the
PAML package (Yang, 2007). A likelihood ratio test (LRT) was used to compare the
null hypothesis (H0) and the alternative hypothesis (H1) as in equation 4.6.
2∆L = 2(ln(L1)− ln(L0)) (4.6)
The significance of the tests was estimated based on the distribution of the test-
statistic 2∆L using a χ2 distribution which was followed by multiple testing through
Benjamini–Hochberg (BH) procedure. Genes with p<0.05 and q<0.05 were retained
and referred to as being positively selected in the lacertid branch. The pipeline used
to detect positively selected genes (PSGs)has been illustrated in Figure 4.6.
The number of genes with positively selected sites (PSS) in different foreground
branches (L. viridis; L. bilineata; or the ancestor of L. viridis and L. bilineata) are
given in the Table 4.5. The complete list of genes with positively selected sites
(PSS) in either L. viridis, L. bilineata or the ancestral branch of L. viridis and L.
bilineata have been provided in the Appendix (Tables 3,4 and 5). Genes involved in
transcription factor activity and mRNA splicing had adaptive differences between
the lacertids. One of the genes with PSS in L. bilineata (STAR7) was identified on
the Z-chromosome. The predicted ontologies of genes with PSS in either of the two
lacertid species indicate potential variation in growth and developmental processes,
behavioural responses (temperature and pH) and transcriptional regulation. Three
genes NASP, PDL11 and RTKN were positively selected in the ancestor of the lac-
ertid branch compared to background branches that include more distant classes
such as mammals and birds. The prostacyclin synthase (PTGIS) involved in regen-
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Figure 4.6 – Pipeline for predicting genes under positive selection in the lacertid
ancestral branch or in either L. viridis/L. bilineata. The pipeline is inspired by POTION
(Hongo et al., 2015) with changes for detecting orthologs and positive selection through
branch-site model of codeml.
eration through prostaglandin synthesis is positively selected in A. carolinensis and
G. japonicus (Liu et al., 2015). This gene evolved under positive selection in the
lacertid ancestor with A. carolinensis and G. japonicus as the background, hinting
at evolutionary changes in regenerative mechanisms between lizards.
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Table 4.5 – Genes with positively selected sites (PSS) identified with the branch-site
models of PAML. Selection was tested with either of L. viridis, L. bilineata or lacertids
in the foreground branch
Foreground branch Species in the background Number of PSS
Lacertid ancestor
(L. viridis, L. bilineata)
Anolis carolinensis, Gallus gallus, Homo sapiens,
Xenopus tropicalis, Lepisosteus oculatus 3
Lacertid ancestor
(L. viridis, L. bilineata) Anolis carolinensis, Pogona vitticeps, Gekko japonicus 33
L. viridis L. bilineata, Anolis carolinensis, Pogona vitticeps,Gekko japonicus 17
L. bilineata L. virdis, Anolis carolinensis, Pogona vitticeps,Gekko japonicus 14
4.4.1 Conservation of vision and regenerative genes,
evolution in UV-response
The visual opsins are pivotal for adaptation to diurnal habitats in Squamates (Rick-
lefs et al., 2007). The nocturnal G. japonicus lost two of the five functional opsin
paralogs (Liu et al., 2015). All five paralogs of visual opsins of A. carolinensis
(22 transcripts from ENSEMBL) were also present in L. viridis and L. bilineata (20
transcript sequences), indicating conservation of genes for diurnal vision. High con-
servation of SWS1 (opsin) was observed, this opsin is known to be involved in sexual
selection (van Hazel et al., 2013; de Lanuza and Font, 2014). All the key residues
that tune the absorption spectrum to UV-light in the SWS1 opsin are highly con-
served. This was observed with snakes and lizards as the foreground branch with
Aves in the background (92% of conserved sites at dN/dS ratio of 0.028). The SWS1
proteins evolved neutrally between the lacertids. MC1R protein was linked to adap-
tive coloration within lizards (Laurent et al., 2016).
The genes encoding pigmentation proteins (MC1R) and UV-reflecting pigments
(ECE2) neutrally evolved across lizards including P. vitticeps, Thamnophis sirtalis,
A. carolinensis and G. japonicus (sequences were available only for these species).
Serine/threonine kinase 11 (STK11) and a paralog of hyaluronidases (HYAL2), both
triggered in the skin cells on exposure to UV-B (GO:0071493), were positively se-
lected in the lacertid branch compared to other lizards (2.5% sites and 2.2% sites
respectively). Furthermore, a positively selected site was observed in HYAL1 (with-
out G. japonicus since this region was fragmented in its genome) in the domain
containing a signal peptide in L. viridis. Another positively selected site which lies
in the glycoside hydrolase family 56 domain (PF01630.13) of HYAL1 encodes dif-
ferent amino-acids within L. bilineata and L. viridis.
4.4.2 Evolution of KRAB-type zinc finger proteins
KRAB-ZNFs or KZNFs (zinc finger proteins with a Krüppel-associated box (KRAB))
are transcriptional regulators confined to tetrapod vertebrates and are known to play
a role in reproductive isolation between humans and chimps through binding do-
main differences as well as in the shaping of recombination landscape across the
primate genomes (Urrutia, 2003; Nowick et al., 2013; Imbeault et al., 2017). The
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Krüppel associated box (KRAB) zinc finger proteins are known contributions in the
evolution of gene regulatory networks and are involved in the reproductive isolation
between primates (Nowick et al., 2013; Imbeault et al., 2017). The differences in
the binding domains (Figure 4.7) of these proteins indicates changes in the gene
regulatory networks between the species.
Figure 4.7 – A cartoon of the C2H2 motif of the KRAB zinc finger protein. The
protein fold structure is stabilized due to the interaction of individual zinc ions with
paired cysteine (C) and histidine (H) residues. There are two β-sheets and one α-helix
which contains DNA-binding interface. The amino acids involved in DNA-binding have
been highlighted in blue (positions -1, 2, 3, and 6 in the helix). X denotes amino acid of
any type with the subscript representing the number of amino acids in those positions. A
highly conserved H/C link appears between consecutive motifs of the KRAB zinc finger
proteins with the consensus sequence TGEKP(Y/F). Figure adapted from Stubbs et al.
(2011).
To investigate the role of KRAB-ZNFs in the reproductive isolation of the two
lacertid species, I compared binding domains (amino acids adjacent to or in the
binding specific regions) of their pairwise orthologs in lacertids. Six orthologous
C2H2 zinc-finger proteins showed differences between species. The changes in the
binding domains of these KRAB-ZNFs can modify the epigenetic mechanisms be-
tween the lacertids. Interestingly, these six KZNFs had their longest transcripts
assembled from ovarian tissues, although these were not tissue-specific since they
were expressed in all the five tissues analysed here. The longest isoforms of these
six KZNF genes were detected in the ovarian tissue alone in L. viridis, however in
L. bilineata they were also assembled from other tissues with alternative isoforms
for two genes (Z658B - brain and ovary; ZN281 - brain and kidney).
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4.5 What is the Role of Large Genomic
Variation in Driving Lacertid Divergence?
The genes with ω>1 (p<0.05) detected through branch-site model of codeml were
considered as positively selected (PSGs) while the remaining orthologous genes with-
out positive-selection were considered as the background (NPSGs), they can either
be neutral or under purifying selection. Since Fisher’s test is conditioned on both
margins, the association of the different rearrangement categories with positively
selected genes were tested through Boschloo’s exact test (unconditional exact-test).
Boschloo’s test assuming a binomial distribution and unconditioned row margins
were performed using the Exact package (Calhoun, 2016). To address the most
prominent category of rearrangement that occurs with positive selection, I calculated
the effect of each category separately against a) other categories of rearrangements
b) against regions without rearrangements and c) collinear regions of the genomes.
Deletions were the most frequent type of SVs in the genome and occurred on both
positively selected genes and those with no signs of positive selection. Duplications
and insertions only occurred in genes evolving neutrally while deletions and inver-
sions occurred in genes irrespective of their selective regime. The ratio of regions
with rearrangements or SVs to those with no detected rearrangements was differ-
ent between genes under positive selection and neutrally evolving genes (Boschloo’s
exact test, two-sided; difference in proportion=0.125, p=0.06, q=0.1), suggesting
non significant association. Since this can be due to highly abundant indels ob-
scuring the level of association of other categories of SVs, I tested the individual
effect of each SV category with positive selection genes, separately applying in-
dependent Boschloo exact-tests (Table 4.6). A significant association of multiple
non-overlapping inversions (on different contigs) with PSGs was observed compared
to other SV categories, but this did not remain significant after multiple testing
(p=0.028, q=0.06). A significant association of PSGs over those with no signs of
positive selection occurred within inversions compared to both non-rearranged re-
gions (p=0.009, q=0.03) and collinear regions (p=0.006, q=0.03).
The ZNF420 gene (coding for a transcription factor that negatively-regulates p53-
mediated apoptosis (Tian et al., 2009)) is entirely covered by an inversion and har-
bors DNA-binding domain differences between the lacertids. Deletions affected only
the introns of genes with PSS while inversions were found to occur in the exonic
regions of genes with PSS. Nine genes with PSS (LRCC1, S22A2, MERTK, RPA2,
K1107, MGST3, TDRD3, ATG3, NAA30) were affected by intronic deletions and
three genes (UGPA, TDRD3, GPR155) were affected by inversions covering multiple
exons (and their adjacent introns).
The GPR155 gene (containing 17 transmembrane helices) and contains PSS in L.
bilineata while entirely covered by a large inversion (843 kbp inversion) compared
to L. viridis. The inversions in TDRD3 (41.5 kbp) covered two exons with the three
adjacent introns, and the inversion in UGPA (42 kbp) covered three exons along
with their four adjacent introns. Sites within both genes were positively selected in
L. viridis. The integral membrane protein GPR155 with positively selected of sites
in L. bilineata is highly expressed in the fore-brain of humans and is involved in cog-
nitive functions (Nishimura et al., 2007; Trifonov et al., 2010). TDRD3 is directly
associated with oocyte formation and interacts with FMRP linked to developmental
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Table 4.6 – Boschloo’s exact test (two-sided) for each category of rearrangement for
association with positive selection. Since insertions and duplications did not overlap
with PSGs, they were excluded. Note: Total minus R represents the number of rear-
rangements of other categories i.e. by subtracting the number of rearrangements of the
specific category (R) being tested from the total number of rearrangements. One gene
is covered by both an exonic inversion and intronic deletion. PSGs – Positively selected
genes; NPSGs – Genes with no signs of positive selection.
Type Category of Rearrangement (R)
Number of genes
affected by
rearrangements (Total)
Number of genes
without overlapping
rearrangements (NR)
Number of genes
in collinear
blocks (CB)
Deletion Inversion
PSGs 9 3 11 20 5
NPSGs 869 69 955 3206 1111
Difference in proportion
(R, Total minus R) -0.09 0.2 - - -
p-value
(R, Total minus R) 0.89 0.028 - - -
Difference in proportion
(R, NR) 0.09 0.11 - - -
p-value
(R, NR) 0.12 0.009 - - -
Difference in proportion
(R,CB) 0.204 0.32 - - -
p-value(R, CB) 0.08 0.006 - - -
problems while UGPA is an active contributor for the storage of glycogen in muscle
tissues (Linder et al., 2008; Laisk-Podar et al., 2015; Scheﬄer et al., 2016). The in-
version in TDRD3 was confirmed through the alignment of the transcript orthologs
from the other species.
4.6 Divergence in Conserved Noncoding
Elements
The Secondary Structure test (SSS-test) (Walter Costa et al., 2017) is a statistical
test that can compare divergence of noncoding RNA classes and detects selection
based on the comparison between the structure of each sequence in a group and
to the structure of group consensus calculated using RANalifold of the ViennaRNA
package 2.0 (Lorenz et al., 2011). The divergence is estimated based on the de-
viation of each sequence from the group consensus, represented as divergence score
(d). Selection scores are assigned based on the effect of mutations (substitutions
and indels are accounted for separately) on changing the secondary structure de-
termined with RNAsnp (Sabarinathan et al., 2013). This test provides a diversity
value for the family indicating structural conservation which is the family’s median
base-pair distance to its consensus. Here, I used it to observe the diversity across
the different categories of noncoding RNA (miRNA, snoRA, tRNA). The miRNAs,
snoRNAs and tRNAs were divided into sub-groups based on their families or their
anti-codon sequences, and only those sub-groups with at least three sequences were
used to estimate diversity.
There were only minor disparities between the number of tRNAs and miRNAs
between the lacertids, while the number of snoRNAs was similar (please refer to
chapter 3.4.4). However, family diversity was observed between the ncRNA classes
with changes in structural conversation. miRNAs were the most structurally con-
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served family of ncRNAs followed by snoRNAs. High structural diversity was ob-
served in tRNAs, especially in pseudo-tRNA, which was further supported by high
copy numbers of tRNAs with low conservation between the two lacertid species
(Figure 4.8).
microRNAs snoRNAs functional tRNAs pseudo tRNAs
0
20
40
60
80
10
0
Type of non−coding RNA
S
tr
uc
tu
ra
l d
iv
er
si
ty
Figure 4.8 – Structural diversity of orthologous ncRNAs. The structural diversity in
each ncRNA class is based on the median base pair distance (d-score) of each family in
the ncRNA class and its consensus. The most conserved class are microRNAs, followed
by snoRNAs and functional tRNAs, pseudo tRNAs are the most diverse.
4.7 Discussion
Positively selected sites in NASP and PDLIM1 compared to distant background
branches, including mammals and birds, indicate disparate evolutionary changes in
both L. viridis and L. bilineata with regard to reproductive processes i.e. spermato-
genesis, fertilization and embryo implantation (Finn et al., 2012; Nagatomo et al.,
2016; Shang et al., 2016; Yin et al., 2017). In the A. carolinensis and G. japonicus
genomes, rapid adaptive evolution has been observed with respect to egg protein
formation genes and regeneration genes respectively. Positively selected sites in the
genes of either lacertid species after their split from a common ancestor suggests
adaptive differences which can lead to speciation before complete reproductive iso-
lation (Zhen and Andolfatto, 2012; Wiberg et al., 2015; Chen et al., 2016).
UV-reflectance of plumages in birds is an important trait involved in the sexual se-
lection of morphologically similar sibling species in Amazonian birds (Anisognathus
notabilis) (Bleiweiss, 2004). Sexual selection in L. viridis has been linked to UV-
response with males containing more UV-reflective patches on the skin preferably
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selected by the females (Bajer et al., 2010, 2011). Hyaluronidases, known to be dif-
ferentially expressed on exposure to UV-B in the skin of mice (Averbeck et al., 2007;
Tobiishi et al., 2011; Kurdykowski et al., 2011; Rauhala et al., 2013), evolve rapidly
in lacertids. This leads to the speculation that differential cutaneous response as a
result of adaptive differences in chondroitin sulfate (CS) biosynthesis pathway could
potentially play a role in preferential mating between the lacertid species.
The divergence of transcription factors, especially differences observed in DNA-
binding regions of KZNFs, might have contributed to the reduced reproductive suc-
cess between lacertid species. The evolution in the binding domains of KZNFs
suggests divergence in the epigenetic mechanisms that can influence multiple gene
targets differently in the two lacertid species. The contribution of differences in
KZNFs in reproductive isolation and change in recombination landscapes have been
previously reported in primates. This receives further support from adaptive dif-
ferences in the transcription factors (UBIP1 and RPA2) crucial for spermatogonia
formation (Elmayan et al., 2005; Kim et al., 2016). Varying levels of purifying
selection in genes influencing forebrain development and behaviour suggest differ-
ent selective constraints between L. viridis and L. bilineata (Sfakianos et al., 2007;
Vauti et al., 2007; Jacquet et al., 2011; Huang et al., 2013). These differences can
arise from adaptations to varying ecological habitats and environmental conditions
or different habitat preferences, behaviour and viability after the split between L.
viridis and L. bilineata (Joger et al., 2001). Selective differences in genes related
to behavior and brain development seem to have been involved in diversification in
anoles (Tollis et al., 2018).
Indels were the most abundant large variants between the two lacertid species sim-
ilar to SVs in human populations and pig sub-species (Sudmant et al., 2015; Zhao
et al., 2016). The developed pipeline to detect inversions was most effective in
with Minimap2 and an iterated run alignment run with BWA-MEM for unaligned re-
gions. From an evolutionary perspective, inversions are known drivers of divergence
leading to barriers against recombination promoting reproductive isolation between
species and eventually leading to speciation (Noor et al., 2001; Navarro and Barton,
2003; Kirkpatrick and Barton, 2006; McGaugh and Noor, 2012). This divergence is
driven by the suppression of recombination in heterokaryotypes which can facilitate
speciation even in the presence of gene flow and this can aid in the formation of
phenotype continuum between species such as in stickleback fishes (Millet et al.,
2013). Genomic inversions between the two lacertids are significantly associated
with positively selected genes. The PSGs observed in inverted regions are involved
in cognitive and reproductive functions (GPR155 and TDRD3), suggesting that
they are probable candidate genes involved in speciation. Association of these PSGs
with inversions suggest genomic hitchhiking where genes under positive selection as-
sociate with BDMIs, however the hybrids from these two species need to be studied
to confirm this mechanism between lacertid species. It is currently unknown if the
inversions between the two species represent fixed differences. Future studies should
address this, as well as the role of these genes in reproductive isolation. SVs also
occur within populations and sequencing multiple individuals from various popu-
lations is required before drawing far-reaching conclusions (Sudmant et al., 2015;
Zhao et al., 2016). Assessing the frequencies of these inversions within and between
lacertid populations would be crucial in understanding their relevance to speciation.
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Lacertid evolution - a story of
three lineages
5.1 Motivation
The population relationships between the lacertids is complex and the adriatic lin-
eage is present in a postulated hybrid zone (Joger et al., 2001) without conclusive
evidence. In addition to demography, evolution of genes or patterns of expression in
the transcriptome have never been studied before. Previous analyses showed prob-
able differences in the epigenetic mechanisms due to the diversity among snoRNAs,
miRNAs and transcription factors along with losses specific to one of the lacer-
tid species. However, splicing and gene expression variation or conservation across
species can only be studied with a minimum of three biological replicates (Conesa
et al., 2016). Additional sequencing data has been used here to compare the lacertids
for species specific and tissue specific variation. Here, the first view into gene ex-
pression patterns, alternative splicing differences between lineages and evolutionary
rates is presented to gain more insights into the evolution of lacertids.
5.2 Analysis of Lacertid Transcriptomes
5.2.1 Preprocessing of additional RNAseq data, transcript
assembly and selection tests
The preprocessing of RNAseq reads is similar to the steps described in Chapter
3. Additional data from mRNA sequencing of another female L. viridis specimen
along with two males and two females of the adriatic lineage from Slovenia were
used. Similar to the previous experiments, the transcriptome data was from five
different tissues (brain, liver, kidneys, gonads and heart). The adaptors and indices
were removed using leehom (Renaud et al., 2014). Ribosomal RNA (rRNA) contam-
ination was removed with SortMeRNA tool with eukaryotic rRNA reference database
(Kopylova et al., 2012). The paired-end overlapping reads were merged with FLASH
(Magoc and Salzberg, 2011) with a minimum overlap of 30 and maximum error of
0.01; reads with ambiguous bases or shorter than 35 bp were removed with NGSQC
(Dai et al., 2010).
Trinity transcript assembler (Haas et al., 2013) was used to assemble the tran-
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scripts using a DBG algorithm in three stages - construction of overlaps based on
kmers (k=25), extension of overlaps followed by clustering into groups based on
similarity and separation into isoforms based on read support in different groups.
The transcripts with coding potential in one of the six ORFs were extracted using
the Transdecoder tool.
ProteinOrtho was employed to detect orthologs between the three lacertid lineages
using the synteny information (60% protein identity and 1e-3). Since the genome of
the adriatic lineage was fragmented, the gene alignments of the adriatic transcripts
which converged both on the L. viridis and L. bilineata reference genomes (identi-
cal transcript orthologous to pairwise orthologs between L. viridis and L. bilineata)
were used to represent synteny. The single copy orthologs (SCOs) between the three
lacertid lineages were used extracted for estimating divergence.
KaKs_Calculator 2.0 toolkit was used to calculate ω based on different substi-
tution models (Wang et al., 2010) with model averaging (MA) and gamma MYN
(γ-MYN) (refer to Chapter 4.2.3). The divergence estimates were calculated with
three possible pairwise combinations between L. viridis, L. bilineata and the adriatic
lineage with the two different methods (MA and γ-MYN).
5.2.2 Tissue Specific and Species Specific Evolution
The RNAseq reads from different tissues (brain, heart, liver, kidneys and ovaries)
were mapped to the reference genomes (both L. viridis and L. bilineata) with STAR
aligner (Dobin et al., 2013). This alignment tool is splice-aware i.e. supports split
read mapping which is essential for the intron-exon boundaries in transcripts while
aligning to the genome. Additionally, the two pass mode which reports splice junc-
tions was used for mapping the reads with a maximum of 15% mismatch. The
algorithm implemented in STAR uses a seed alignment (uncompressed suffix arrays
for searches) at beginning of the read for matches while extending over indels, this
acts as the donor splice site. The unmapped portion of the read due to splicing
split aligns to the genome with the matching bases consisting of the acceptor spliced
sites. Since the split mapping is only implemented to the unmapped read portions
without maximal matches at the beginning of the read, STAR is faster compared
to other existing algorithms. A dynamic programming algorithm is used to stitch
seed pairs from the same read while allowing for mismatches and indels. Paired
end information is concurrently used to increase the sensitivity. A local alignment
scoring scheme for matches, mismatches and indel penalties is used to choose the
best alignment for the reads.
5.2.2.1 Differential gene expression analysis
Specific gene expression patterns within and between the lacertids were estimated
using the RNAseq mapping data. There were two biological replicates for L. viridis,
one for L. bilineata and four for the adriatic lineage. The subsequent analyses were
performed with L. viridis genome reference since its quality is better and its gene
annotations were used for downstream analysis. The number of reads aligning to
each genomic feature (here genes) were counted using with featureCounts (Liao
et al., 2014), allowing for multiple mapping positions for reads. The differential gene
expression toolkit DESeq2 (Love et al., 2014) was used to perform gene expression
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analysis. DESeq2 detects and corrects dispersion estimates using shrinkage estima-
tors to quantify fold changes in gene expression. A count matrix K was created
for each gene i and the sample k followed by fitting of a generalised linear model
(GLM) by modelling the read counts Kij as a negative binomial distribution with a
calculated mean µij and dispersion estimate αij. µij was estimated from the quan-
tity qij proportional to the read counts from the gene in the sample scaled by a
normalisation factor sij (5.1).
µij = sijqij (5.1)
Logarithms were used in the GLMs with the design matrix elements xjr and
coefficients βir (5.2).
log2qij =
∑
r
xjrβir (5.2)
The within-group variability between replicates was modelled through the dispersion
parameter with variance var (5.3).
V arKij = µij + αiµ2ij (5.3)
In the simpler models of comparing groups with control and treated samples
(can be species or tissue specific), the fitted GLM returned coefficients of overall gene
expression and the log2 fold change (LFC) between the groups. Gene-wise dispersion
estimates were calculated using maximum likelihood treating each gene separately
through an empirical Bayes approach accounting for the available information. The
LFCs were estimated across experiments by including the information from large
fold changes (actual differences in counts rather than low counts) into the prior
distribution. Since the number of samples is small (n<10), likelihood ratio test
(LRT) was used to capture the significant difference in likelihood between a full and
a reduced model using analysis of deviance (ANODEV). The full model consists of
all the terms used in the experimental design (species and tissue) while the reduced
model removes some of the terms of the full model. LRT determines if increase in
likelihood of the data in the full model is more than expected if the extra terms
compared to the reduced model were zero.
Experimental design
Two categories of experiments were conducted as mentioned below -
(i) species specific differential expression of genes (DEG) - a single species was con-
sidered as the 1st treatment and the rest two species as another (three experiments,
one each for L. viridis, L. bilineata and adriatic). Here, the tissues serve as repli-
cates.
(ii) tissue specific DEG - a single tissue was considered as the baseline. The differ-
ences in gene expression between this base tissue with every other tissue (intersected
list) was considered tissue specific, this was performed using the contrast option in
DESeq2. The list of genes with low expression in all the four other tissues compared
to the baseline was considered tissue specific for the baseline tissue (five experiments:
one each brain, heart, liver, kidneys, gonads). Here, the biological specimens serve
as replicates.
The contrast option is a linear combination of estimated LFCs used to test if the
compared groups are similar. If a list of genes were highly expressed in a given tissue
compared to all other tissues (intersected list), these can be assumed tissue specific.
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This method of finding tissue specific genes is more sensitive (since dispersion esti-
mates are inflated) than comparing each tissue vs. the average dispersions in other
tissues where the within-group variance would be smaller. The differentially ex-
pressed genes between lacertid species were detected with LFC thresholds for higher
expression (LFC>1.6 i.e. three times more) and lower expression (LFC<=-1 i.e
lesser by at least half) with an adjusted p<0.05 to reduce false-positives (Benjamini-
Hochberg correction).
The tissue specific genes with high level of expression compared to the other tissues
were identified through DEseq2. The genes from gonads and brain showed higher
level of variation from the raw counts of the reads mapped to the genes (Figure 5.1).
Most of the samples cluster together according to tissues rather than the species
apart from two samples from the gonads and one sample from brain. The two sam-
ples from gonads which cluster with kidney counts are both from the two adriatic
male specimen (testis tissue), thus represent male specific variation. The outlier
brain sample is from the second female specimen of L. viridis. These estimates are
conservative since the deviation in gene expression values for inclusion into the prior
probability was not controlled for, however the specificity is really high (Table 5.1).
Figure 5.1 – Clustering of samples based on their variances with PCA plot. The
plot has been generated with the plotPCA option in DESeq2 based on (A) variance
stabilizing transformations and (B) regularised logarithm which incorporates a prior on
the sample differences (shrinkage based on each sample and each gene), both including
sample information from the design formula (Love et al., 2014). The highest variances
were found for gonad and brain tissues.
The number of tissue specific genes were the highest in gonads and the least
for kidneys. Since the different species were used as replicates, this represents the
common trend of expression across lacertid species. However, there are conservation
estimates since only those over-expressed in one tissue compared to all other tissues
were considered. The number of brain specific genes were more than half of the
gonad specific ones. The number of tissue specific genes between heart and liver
were lower than the brain and gonads.
There were 901 genes which were species specific in total (Table 5.2). The adriatic
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Table 5.1 – The number of genes identified to be tissue specific from the RNAseq
data from the lacertids. The false positives would be low due to conservative methods
of prediction. The total number of genes which are tissue specific (Total) and the
number of genes which were not identified as tissue specific (Unspecific) have also been
provided. Specific to a tissue represents high level of expression (FDR < 0.05) in one
tissue compared to all others and unspecific represents the rest of the genes which are
not observed to be specific to any of the five tissues.
Tissue Number of Genes
Brain 552
Heart 234
Liver 319
Kidneys 9
Gonads 978
Total 2092
Unspecific 19693
lineage exhibited the highest number of specifies specific genes, followed by L. viridis
and L. bilineata. There were almost 21000 genes which did not show species specific
expression patterns.
Table 5.2 – The number of genes expressed in a species specific manner among lac-
ertids. The total number of genes which are species specific (Any lacertid) and the
number of genes which were not identified as species specific (Unspecific) have also been
provided.
Species Number of Genes
L. viridis 284
L. bilineata 116
Adriatic 501
Any lacertid 901
Unspecific 20946
5.2.2.2 Differential alternative splicing in lacertids
Differential alternative splicing (DAS) analysis between the lacertids was performed
using DIEGO based on the split read mapping within the gene boundaries (Doose
et al., 2018). Both L. viridis and L. bilineata genomes were used as references (two
separate runs) and the transcriptomic data from the same specimen was used as
the control while the transcriptome from the other species’ was used as the query.
This was done in order to obtain consistent results without reference biases. The
alignments of RNAseq reads from different tissues (brain, heart, liver, kidneys and
ovaries) to the reference genome with STAR aligner with the two pass mode were
used for accurate detection of splice junctions. The different tissues were used as
replicates to detect splicing differences between the two species due to the presence
of only one biological sample per species. Split junctions inside the genes with
insufficient coverage or absent in 80% of the samples were discarded. The remaining
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read support data for the exon junctions in genes was used to predict differential
alternative splicing through distance based clustering of the mean read support
within groups or samples. This mean was compared across groups to estimate genes
with differences in splicing patterns. The genes with significant splicing differences
in all the tissues between the two species were filtered through the removal of genes
with missing data for splice junctions, Mann-Whitney U test (p<0.01) and multiple
testing through Benjamini-Hochberg method (q<0.05).
Differential alternative splicing analysis (through DIEGO) between tissues within
lacertids did not yield any genes with significant levels of splicing variation. The
tests for alternative splicing variation across species showed the highest number of
alternative splicing variation genes in L. bilineata (Table 5.3). However, this can be
due to the absence of biological replicates in L. bilineata.
Table 5.3 – Number of genes that were observed to be significantly differentially al-
ternatively spliced through DIEGO tool (Doose et al., 2018). L. bilineata has the highest
number of DAS genes, much higher (more than 10 times) than both L. viridis and the
adriatic lineage combined. ’All’ represents the total DAS genes present in the three
lacertids
Species Number of Genes
L. viridis 23
L. bilineata 750
Adriatic 33
All 817
5.2.2.3 Gene Ontology over-representation tests
The tissue specific genes and those exhibiting differential alternative splicing pat-
terns were statistically tested for gene set enrichment of ontologies related to bio-
logical processes, molecular functions, protein classes and pathways. The PANTHER
Overrepresentation Test (20171205) with annotation version 13.1 (2018-02-03) was
used with Fisher’s exact test for significance with multiple testing using Benjamini-
Hochberg correction (p<0.05 and q<0.05). The background for these tests were
the uniprot IDs of the proteins in the genome of L. viridis, since it is the refer-
ence genome. The over-represented GOs for each tissue have been provided in the
Appendix (Table 6). The kidneys did not show any enrichment for GOs and the
highest number of enrichments were in the gonads, followed by the brain. This can
be due to the higher number of genes specific to gonads than the other tissues. En-
richments were observed for neuronal processes in the brain, muscle contractions for
the heart, DNA binding activity and meiosis related processes in the gonads. For
species specific genes,overrepresented GOs were observed only for the genes specific
to L. viridis (Table 5.4).
The GO enrichments were observed in the differential alternatively spliced genes
in L. bilineata alone (Table 5.5). Most interestingly enrichment was observed for the
genes involved in or influencing splicing through mRNA splicing factor and spliceo-
somes. Interestingly, this was observed in the comparison of DAS genes between
L. viridis and L. bilineata too excluding the adriatic lineage samples and with the
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Table 5.4 – The gene ontologies that are overrepresented in L. viridis specific expressed
genes. Overrepresentation of GOs were not observed in L. bilineata and adriatic. The
fold enrichment, p-values and the false discovery rates (FDRs) after multiple correction
are also provided.
Lineage Type Name of the process Foldenrichment p-value FDR
L. viridis Pathway
Angiotensin II-stimulated
signaling through G proteins
and beta-arrestin
80.8 4.45e-04 0.032
Muscarinic acetylcholine
receptor 1 and 3 signaling 60.6 7.12e-04 0.034
Histamine H1 receptor
mediated signaling 53.86 8.68e-04 0.032
B cell activation 34.63 1.16e-04 0.017
Molecular function Lipind binding 26.2 1.98e-05 0.003
change of the reference genome to L. bilineata. This indicates a definite change in
splicing activity for L. bilineata compared to L. viridis and the adriatic lineage.
Table 5.5 – The significantly overrepresented GOs in L. bilineata for genes that have
been differentially alternatively spliced (DAS). PANTHER overrepresentation test was
used to test for enrichments through Fisher’s exact test with FDR calculation through
Benjamini-Hochberg method.
GO type GO name Foldenrichment p-value FDR
Pathway Ubiquitin proteasomepathway 15.78 9.53e-07 1.40e-04
Molecular function mRNA binding 7.31 1.04e-07 9.03e-06
Biological translation regulatoractivity 6.27 1.02e-03 2.52e-02
acetyltransferase activity 5.51 1.28e-04 4.43e-03
ubiquitin-protein ligase
activity 4.97 1.21e-03 2.63e-02
Biological process RNA localization process 5.72 2.62e-06 7.50e-05
RNA splicing, via
transesterification reactions 15 9.13e-09 1.05e-06
mRNA splicing,
via spliceosome 7.01 5.67e-08 4.33e-06
chromatin organization 3.74 2.42e-04 2.92e-03
proteolysis 2.86 6.72e-05 1.10e-03
Cellular component neuronal cell body 10.65 6.88e-03 4.27e-02
ribonucleoprotein complex 4.83 1.32e-10 2.04e-09
Protein class mRNA splicing factor 9.68 8.14e-08 4.13e-06
translation initiation factor 7.10 6.01e-04 1.74e-02
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5.2.3 Orthologs and Evolutionary Rates
We identified 6815 single copy orthologs (SCOs) between the three lacertid lineages.
Within the lizards through the additional species search with A. carolinensis pro-
tein sequences, the numbers of SCOs were 3065. These were used to estimate the
divergence times from the synonymous mutation rates of each species pairs (Table
5.6).
Table 5.6 – Divergence times of lacertid species pairs estimated from the synonymous
mutation rates (dS) from the KaKs analysis. The number of single copy orthologs
(SCOs) have been listed in the 2nd column. Both model averaging (MA) and gamma
MYN (GMYN) models were used and only those with significant estimates (p≤0.05)
were used to calculate divergence times based on a mutation rate of 1.14× 10−8. Note
- The estimated divergence time are provided in million years ago (Mya).
Species 1 Species 2 SCOs Model Median dS Divergence time(Mya) Average dS
Divergence time
(Mya)
L. viridis L. bilineata 7030 MA 0.021 2.41 0.135 15.39
3256 GMYN 0.026 2.98 0.236 26.86
L. viridis Adriatic 1925 MA 0.023 2.64 0.245 27.97
1391 GMYN 0.025 2.87 0.288 32.8
L. bilineata Adriatic 1863 MA 0.025 2.8 0.273 31.17
1318 GMYN 0.028 3.23 0.334 38.05
The divergence time from the average dS tends to overestimate the divergence
times due to a huge variation deviation in the values from the mean, likely due to
the genes undergoing high degree of purifying selection. The estimated divergence
times between the lacertid lineages was 2.4-3.2 million years.
5.2.4 Evolutionary Rates of Tissue Specific Genes
To compare the differences in the rates of evolution of genes in various tissues of the
lacertids, Mann-Whitney U test (p<0.05) was performed. Significant difference in
evolutionary rates in genes with species specific splicing was also performed using
the same statistical test. The ω-values from the pairwise selection tests were used
for these tests, accordingly there were three different combinations based on the two
species of interest. Specifies-specific DAS genes from each species were tested for
differences in evolutionary rates compared to the species-specific DAS genes from
other species and the genes with no significant DAS observed through different
tests independently. The pairwise tests for association to the evolutionary rates
calculated through pairwise ω-values were taken from each species pair and only
the significant combinations have been reported in Table 5.7 after multiple testing.
Accelerated evolution was observed in L. bilineata compared to other species and
also the non DAS genes (ω-values between L. viridis and adriatic ) and in the list
of all differentially alternatively spliced genes compared to the non DAS genes with
ω-values from pairwise comparison of L. viridis and L. bilineata.
Accelerated evolution of tissue specific genes were observed for liver, kidneys and
in multiple scenarios in gonads (Table 5.8). The genes expressed in the brain show
higher signals for conservation across the lacertid lineages.
There was no differential alternative splicing between lacertids in genes specific to
brain, heart and kidney (Table 5.9). The liver specific genes show significant negative
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Table 5.7 – Evolutionary differences in species-specific DAS genes across species pairs.
The classification into accelerated or conserved were based on the direction of significance
(i.e. alternative hypothesis of greater or less repectively) with Mann Whitney U-tests.
Multiple testing was performed with the Benjamini-Hochberg (BH) method. Model
averaging (MA) method was used to estimate the KaKs values using KaKs_Calculator
2.0. The background denotes if the compared list of the 2nd group is either from species
specific DAS in either of the other two lacertid species or those without differential
splicing. Note - "Any" represents genes which are significantly DAS in either of the
three lacertid lineages; accelerated evolution marked in bold.
Species
specificity Species 1 Species 2 Background p-value q-value
Conservation or
Acceleration
L. viridis L. bilineata Adriatic Non-specific 0.0397 0.04 Conservation
L. bilineata L. bilineata Adriatic Non-specific 0.0397 0.04 Conservation
Any L. bilineata Adriatic Non-specific 0.0397 0.04 Conservation
Adriatic L. bilineata Adriatic Non-specific 0.05 0.05 Conservation
L. viridis L. viridis Adriatic Other species 0.005 0.02 Conservation
L. bilineata L. viridis Adriatic Other species 0.012 0.02 Acceleration
L. bilineata L. viridis Adriatic Non-specific 0.005 0.02 Acceleration
L. viridis L. viridis L. bilineata Non-specific 0.011 0.02 Acceleration
Adriatic L. viridis L. bilineata Non-specific 0.014 0.02 Conservation
Any L. viridis L. bilineata Non-specific 0.014 0.02 Acceleration
Table 5.8 – Evolutionary differences in tissue specific genes across species pairs. The
classification into accelerated or conserved were the direction of the signal (i.e. alter-
native hypothesis of greater or less respectively) with Mann Whitney U-tests. Multiple
testing was performed with the Benjamini-Hochberg (BH) method. Model averaging
(MA) method was used to estimate the ω values. The background denotes if the list
for the 2nd group is either from other tissue specific genes in either of the four tissues or
those genes which are not tissue specific. Note - accelerated evolution marked in bold.
Tissue
specificity Species 1 Species 2 Background p-value q-value
Conservation or
Acceleration
Brain L. viridis Adriatic Other tissues 1e-04 2.6e-04 Conservation
Brain L. viridis Adriatic Unspecific 0.007 0.007 Conservation
Liver L. viridis Adriatic Unspecific 0.001 0.001 Acceleration
Gonads L. viridis L. bilineata Unspecific 3e-04 6.5e-04 Acceleration
Brain L. viridis L. bilineata Other tissues 1.406e-10 9.1e-10 Conservation
Brain L. viridis L. bilineata Unspecific 0.006 0.007 Conservation
Heart L. viridis L. bilineata Other tissues 0.007 0.007 Conservation
Liver L. viridis L. bilineata Unspecific 0.003 4.1e-03 Acceleration
Liver L. viridis L. bilineata Other tissues 2.5e-10 1.1e-09 Acceleration
Kidneys L. viridis L. bilineata Unspecific 0.027 0.027 Acceleration
Kidneys L. viridis L. bilineata Other tissues 0.007 0.007 Acceleration
Gonads L. viridis L. bilineata Unspecific 1e-04 2.6e-04 Acceleration
Gonads L. viridis L. bilineata Other tissues 1e-16 1.3e-15 Acceleration
association with alternatively spliced genes between species (p=0.023, q=0.02). The
gonads show highly significant association with differentially spliced genes between
lacertids, compared to genes specific to other tissues i.e. non-gonad (p=3.6e-05,
q=1.1e-04). A significantly negative association was found between gonad specific
genes and those alternatively spliced between lacertids, compared to the background
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consisting of genes without tissue specific expression (p=0.005, q=0.007). There
were no genes with both species specific gene expression and species specific differ-
ential splicing patterns.
Table 5.9 – The counts for the number of tissue specific genes (five different tissues)
which were differentially alternatively spliced (DAS) or showed no significant signs of
DAS i.e. Unspecific. The specific genes were for each tissue were compared to either the
number of genes specific to other tissues (Non-tissue) or the genes which were not tissue
specific. The association tests were performed with Boschloo exact tests and the trend
was estimated (Negative for less significance and Positive for association with greater
significance). The multiple testing correction was performed with Benjamini-Hochberg
(BH) method.
Type of
DEG
Specific
tissue
#Spliced
genes
#Unspliced
genes
Association
with DAS; Trend Background
Significance
(FDR)
Brain 0 384 No - -
Non-brain 22 1386
Heart 0 206 No - -
Non-heart 22 1564
Tissue Kidneys 2 286 No - -
Non-kidneys 20 1484
Liver 0 9 Yes; Negative Unspecific 0.023(0.02)
Non-liver 22 1761
Gonads 20 885 Yes; Positive Non-gonads 3.6e-05(1.1e-04)
Non-gonads 2 885 Yes; Negative Unspecific 5e-03(7e-03)
Unspecific None 747 18946
5.3 Admixture Analysis Between Lacertids
The genome data from the Illumina paired-end reads from the adriatic genome was
used after adaptor trimming. The Illumina paired-end adaptor trimmed genomic
reads from L. viridis, L. bilineata and the adriatic lineage were mapped to the
L. viridis reference genome with BWA-MEM using default parameters. The variant
calling for single-nucleotide polymorphisms (SNPs) was performed with Freebayes
(Garrison and Marth, 2012) and samtools mpileup (Li et al., 2009). Freebayes
was used to call SNPs with a read support of 5, minimum alternative fraction of 2
(for heterozygous sites) and minimum mapping quality of 20 for called sites. Since
Freebayes reports only homozygous alternative and heterozygous variant sites com-
pared to the reference genome, the uncalled sites covered by at least one read were
considered homozygous sites with no variation compared to the reference. The vari-
ant calls from samtools mpileup were filtered to retain calls with minimum read
support of 4 and mapping quality of 20. These variant calls from both Freebayes
(20947605 SNPs) and samtools mpileup (20275041 SNPs) were used for subse-
quent analyses separately.
The F3 statistics were calculated for L. viridis, L. bilineata and adriatic lineages (PV ,
PB, PA) based on the variant calling data from the previous steps. F3 statistics es-
timates the phylogenetic relationship or admixture based on the allele frequency
correlation between the lineages using q3pop method of ADMIXTOOLS (Patterson
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et al., 2012), however this does provide information on the direction of gene flow
(5.4). The allele frequency for the three lacertid lineages (pV , pB, PA) was used
to calculate the branch length from the outgroup (PA i.e. outgroup is adriatic lin-
eage) to the vertex connecting the three lineages which represents the coalescence
time (Peter, 2016). F3 statistics correspond to the shared branch length i.e. branch
length between an outgroup and the internal node connecting two source popula-
tions as represented in Figure 5.2. F3 estimates will be negative if the outgroup
population (PA i.e. adriatic lineage) is formed by the admixture of L. viridis and L.
bilineata source populations, larger F3 values support tree like phylogenies between
populations with less admixture.
F3(PA;PV , PB) = F3(pA, pV , pB) = E(pA − pV )(pA − pB) (5.4)
Figure 5.2 – Phylogeny used to test the phylogenetic relationships between the lacertid
lineages where PA, PV and PB represent adriatic, L. viridis and L. bilineata respectively.
Since F3 tests the presence or absence of admixture, the outgroup is crucial and the
position of source populations (here PV and PB) can be flipped. Figure adapted from
(Peter, 2016)
Through different combinations of source and outgroup populations within the
lacertids, the phylogenetic relationship could be resolved. There weren’t differ-
ences in the admixture between the calls from samtools mpileup and Freebayes.
Additionally, changing the reference genome to L. bilineata did not affect the F3
estimates. Thus the difference in variant calling or changing the reference genome
did not alter the inferences. In all the cases, the F3 estimates were more than 0
with high significance (Table 5.10).
The F3 analysis between the three lacertid lineages shows that the adriatic lin-
eage is likely due to admixture between the source populations of L. bilineata and L.
viridis. However, since this test is built for testing admixture between populations
with less divergence times (<100,000 years) rather than between lineages or species
(Patterson et al., 2012), concrete conclusions cannot be made.
5.4 Discussion
From the mitogenome comparisons (please refer to chapter 2), the adriatic phy-
logeny appears to have undergone the least number of changes in the three lacertid
lineages and it appears closer to L .bilineata than L. viridis. It appears that the
species status is clear from the mitogenomes for L. bilineata. However, the split
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Table 5.10 – Estimated of F3 statistics with different combinations of lacertid lineages
as the outgroup and source populations. The source populations are interchangeable
without affecting the F3 estimates. The tools from which the variant calls were used
has been provided in the last column.
Outgroup Source 1 Source 2 F3 estimate Standard error Z-score P-value SNP caller
Adriatic L. viridis L. bilineata 0.198 0.006 35.114 4.12e-270 samtools
0.224938 0.006022 37.35 2.54e-305 Freebayes
L. bilineata L. viridis Adriatic 2.425 0.030 79.800 0 samtools
2.422 0.029 83.387 0 Freebayes
L. viridis L. bilineata Adriatic 1.655 0.017 97.033 0 samtools
1.724 0.018 97.791 0 Freebayes
between L. bilineata and the short branch of adriatic lineage is less conclusive. This
is in contrast to the numerous phhylogeographic studies which revealed the adriatic
lineage as an equally deep split as L. viridis and L. bilineata and with ambiguous
branching pattern (Marzahn et al., 2016).
The tree-like phylogeny between the three lacertid lineages has been supported
through the F3 statistics. The adriatic lineage has been previously suggested to
be a hybrid or secondary contact zone population (Amann et al., 1997). It appears
that the adriatic is more likely admixed between the L. viridis or L. bilineata source
populations. However, conclusive support could not be provided for this claim from
the F3 estimates which has been designed to test admixture between populations.
The low support for admixture can be due to the high divergence time between
lacertid lineages and lineage-specific genetic drift within the lacertids after the ad-
mixture event between L. viridis and L. bilineata.
The highest number of DAS genes were observed in L. bilineata. Additional bi-
ological samples are needed to confirm if this is a true signal or noise from lack of
replicates. The genes involved in mRNA splicing through splicing factor binding
activity or spliceosomal functions have been enriched for species specific splicing in
L. bilineata. The genes enriched for tissue specificity in gonads were directly related
to transcription factor activity and meiotic process, while those specific to the heart
were enriched for muscle contractions that can be associated with genes involved in
beating process of the heart and from brain enriched for neural development activity.
Since the highest number of tissue specific genes were from the gonads followed by
the brain, this indicates many genes have evolved more with respect to neural de-
velopment and reproductive processes, which can cause the split between the closely
related lacertid lineages.
The variation in gene expression is more inclined towards tissue specificity rather
than species specific. The brain specific genes in lacertid show significantly high
rates of evolutionary conservation compared to other tissues similar to humans and
chimpanzees (Khaitovich, 2005). However, only male specific genes (from testis)
have been shown to evolve faster in primates. In lacertid lizards, the gonad specific
genes (from testis and ovaries) experienced faster rates of evolution. However, based
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on the different species pair combinations, accelerated evolution was also observed in
kidneys and liver (for L. viridis & L. bilineata and L. viridis & adriatic respectively).
This is congruent with the higher differences in liver specific genes in primates. Since
the females are the heterozygous sex in lacertids (ZW), the evolutionary divergence
of lacertids seems to be driven by tissue specific changes in ovaries. The lacertid
evolution seems to be driven by the combined effects of species specific variation
in alternatively splicing and gonad specific gene expression. However, these are
two different levels since the expression differences were observed with tissues while
splicing variation detected between species or lineages. More biological replicates
are needed to observe tissue specific splicing patterns between the lacertids. Future
studies focused on in depth analysis of species specific expression of genes can yield
interesting insights into lacertid evolution.
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Chapter 6
Conclusion and outlook
This thesis was aimed at gaining insights into the evolutionary processes and traits
contributing to species divergence in addition to the phylogenetic relationship be-
tween closely related lineages of European green lizards (Lacerta viridis complex).
The phylogenetic tree constructed from the coding sequences of lacertid mitogenomes
clearly supports the delineation of L. viridis and L. bilineata (chapter 2). Addition-
ally the adriatic lineage clusters more with L. bilineata with lesser accumulated
mutations as shown by the smaller branch length, closer to the ancestral node of
the L. viridis complex. This shows that maternal origin for the adriatic is skewed
towards L. bilineata species.
The strategy of hybrid genome assembly construction combining both error correc-
tion and de novo assembly using both Illumina and PacBio data provided highly
contiguous assemblies with cost efficient sequencing data (chapter 3). Zinc fingers
are a major source of novel transcriptional repressor activities through DNA binding
domains (Emerson and Thomas, 2009) and an increase in their copy numbers in both
lacertid genomes compared to A. carolinensis indicates rapid divergence of DNA-
binding plasticity between lizards. The differences in binding domains of the KRAB
zinc finger proteins between L. viridis and L. bilineata could potentially alter the
transcriptional states of multiple target genes, thus contributing to genetic variation.
Diversity of ncRNAs (mainly snoRNAs and microRNAs) indicates lineage-specific
epigenetic modifications (especially gene regulation and RNA processing) that could
drive the divergence between the two lacertid species. Genome evolution between
L. viridis and L. bilineata is also driven by expansion of retrotransposons.
The L. viridis and L. bilineata have an estimated split time of around 2.4 million
years based on 4d-sites (chapter 4). Genes involved in brain development, behaviour,
reproductive functions, transcription factor activity and splicing show varying se-
lection pressures. The reproductive isolation between the two lacertid species seems
to be driven by sexual selection as observed by diversification of genes involved in
differential UV-B response (Werth et al., 2011). Pairwise genome alignments us-
ing Minimap2 and iterating over unaligned regions was effective in detecting regions
accumulating divergence (inversions). Divergence hitchhiking is a probable mecha-
nism for speciation between these two lacertid species since a significant association
was observed between positively selected genes and inversions at multiple genomic
regions. Large variation can be polymorphic between populations and subspecies
(Sudmant et al., 2015; Zhao et al., 2016), hence it is necessary to sequence multiple
populations of these two species to better understand lacertid speciation.
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DNA binding activity is enriched for tissue specific expression patterns across lacer-
tids (chapter 5). The gonad specific genes show accelerated evolution in the lacertid
compared to other tissues and the brain genes are most conserved. Alternative
splicing variation between lacertids has been observed only in gonad specific genes.
mRNA splicing factors and genes related to translation initiation factors transcrip-
tional processes are enriched for differential splicing between the lacertids. Addi-
tional biological replicates for L. bilineata are required before reaching conclusions
regarding species-specific differential splicing. The evolutionary divergence between
the lacertid lineages seems to be driven by accelerated evolution of gonad specific
genes accompanied by differential splicing between lacertid lineages. Analysis based
on genome wide SNPs data provides support for the adriatic lineage as an admixed
population between L. viridis and L. bilineata parental species, characterized by lin-
eage specific genetic drift. A thorough investigation based on SNPs is necessary to
detect gene flow patterns between the lacertid lineages through admixture analysis
with F4 statistics (Patterson et al., 2012). This requires an outgroup species and the
genome data from Podarcis muralis or Zootoca vivipara (both unpublished) could
provide the necessary information. Accurate split times can be estimated through
follow up studies based on likelihoods of various demographic models between species
pairs implementing the blockwise site frequency spectrum (bSFS) which does not
required phased genomes (Lohse et al., 2016).
The divergent evolution between the lineages of the L. viridis complex seems to be
a complex process driven by several synergistic mechanisms of various processes.
The mechanisms or traits contributing to their divergent evolution include accu-
mulation of genomic divergence through inversions; positive selection for genes re-
lated to brain development, transcription and reproductive processes; divergence
in transcription factors affecting gene regulatory networks; accelerated evolution of
gonad-specific genes; lineage-specific losses or gains of regulatory elements which
can influence epigenetic mechanisms and assortative mating driven by divergence
of UV-pigmentation genes. This study provides insights into the evolutionary pro-
cesses contributing to the species split between closely related lineages in addition to
valuable resources that can help establish conservation guidelines for lacertid popu-
lations which are declining due to habitat loss (Böhme, M. U. and Schneeweiß et al.,
2007).
Contiguous de novo assembled genomes produced through cost-efficient strategies
have been sufficient to understand the drivers of divergent evolution in European
green lizards. These high quality genome assemblies have been useful for the com-
parative genomic analyses of closely related species. However, with more advanced
sequencing techniques such as Chicago approach using long-range chromosomal link-
age (Putnam et al., 2015), it is now possible to produce chromosome level genome
assemblies at low costs. The assembled lacertid genomes could be scaffolded to
chromosomes through additional sequencing with Chicago approach and these can
be used as models for comparative genomic analysis of sister species which split re-
cently. With additional population data, it is possible to study speciation in depth
for the cryptic species’ of European green lizards.
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Comparative genomics of lacertids
Sampling of the lacertids and whole genome sequencing
Three female specimens were collected for the three lineages (one each from L. viridis
and L. bilineata; one for the adriatic lineage). The specimen for L. bilineata was
from Malain in France, L. viridis from Tokaj in Hungary and the adriatic lineage
from Slovenia. The genomic DNA was sequenced using whole genome shotgun
sequencing with Illumina HiSeq 2500 through paired-end Illumina libraries based on
the protocol of Meyer and Kircher (2010). Multiple libraries with distinct indices
were run on multiple lanes on multiple runs to avoid lane in the flow cell and run
bias in the sequencing run. These sequencing runs were performed for whole genome
sequencing of the lacertids, so the mitogenome is a by product of the process. Base
calling from the Illumina sequencers was performed using freeIbis (Renaud et al.,
2013) and adaptors in the raw reads were trimmed with leeHom (Renaud et al.,
2014) which resulted in 96 bp long reads.
Transcriptome sequencing of lacertid tissues
One additional female for L. viridis, one additional female and two males were
sampled for transcriptome sequencing. RNA was extracted using Trizol reagent
(Life Technologies, Carlsbad, CA, USA) and purified with the RNeasy R© Mini Kit
(Qiagen, Hilden, Germany) from five different tissues i.e. brain, heart, liver, kidneys
and gonads. The mRNA was purified using the Dynabeads R© mRNA Purification Kit
(Life Technologies, Carlsbad, CA, USA). The purity and concentration of RNA and
cDNA were checked using Nanodrop and Bioanalyzer 2100 (Agilent Technologies,
CA, USA) and fragments of length 200-250bp were obtained using Ambion R© RNA
fragmentation reagent. The first and second strands of cDNA were synthesized
using random hexamer primers with SuperScript R© II reverse transcriptase (Life
Technologies, Carlsbad, CA, USA) and DNA Polymerase I with RNase H treatment
(Life Technologies, Carlsbad, CA, USA) respectively. These were sequenced on
Illumina HiSeq 2500 through paired-end Illumina libraries based on the protocol of
Meyer and Kircher (2010). Base calling from the Illumina sequencers was performed
using freeIbis (Renaud et al., 2013) and adaptors in the raw reads were trimmed
with leeHom (Renaud et al., 2014) resulting in 96 bp reads.
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Table 1 – The annotation of the complete mitogenome of L. bilineata produced with
MITOS web server. The first column (feature) is gene name, tRNA (with anti codons) or
origin of replication (oriH and oriL for leading and lagging strands respectively). The
last column (Adjacency) represents the distance between the present and its succeeding
feature. Note: Adjacency is negative for overlapping adjacent features; adjacency for
the last feature (oriH) is with the succeeding trnF since mitogenomes are circular.
Name Start Stop Strand Length Adjacency
trnF(gaa) 1 74 + 74 -1
rrnS 74 1021 + 948 -1
trnV(tac) 1021 1087 + 67 1
rrnL 1089 2613 + 1525 0
trnL2(taa) 2614 2686 + 73 0
nad1 2687 3655 + 969 7
trnI(gat) 3663 3734 + 72 0
trnQ(ttg) 3735 3805 - 71 -1
trnM(cat) 3805 3872 + 68 0
nad2 3873 4907 + 1035 -2
trnW(tca) 4906 4974 + 69 1
trnA(tgc) 4976 5044 - 69 1
trnN(gtt) 5046 5118 - 73 6
OL 5125 5150 + 26 -1
trnC(gca) 5150 5212 - 63 5
trnY(gta) 5218 5285 - 68 1
cox1 5287 6831 + 1545 -5
trnS2(tga) 6827 6898 - 72 3
trnD(gtc) 6902 6972 + 71 0
cox2 6973 7660 + 688 0
trnK(ttt) 7661 7725 + 65 1
atp8 7727 7888 + 162 -10
atp6 7879 8559 + 681 -1
cox3 8559 9343 + 785 -1
trnG(tcc) 9343 9411 + 69 0
nad3 9412 9757 + 346 0
trnR(tcg) 9758 9823 + 66 1
nad4l 9825 10121 + 297 -7
nad4 10115 11495 + 1381 -45
nad5_1 11451 11501 + 51 -6
trnH(gtg) 11496 11562 + 67 0
trnS1(gct) 11563 11628 + 66 -1
trnL1(tag) 11628 11698 + 71 3
nad5_0 11702 13525 + 1824 -5
nad6 13521 14036 - 516 0
trnE(ttc) 14037 14104 - 68 6
cob 14111 15253 + 1143 3
trnT(tgt) 15257 15323 + 67 23
trnP(tgg) 15347 15414 - 68 158
OH 15573 15777 + 205 1214
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Table 2 – The annotation of the complete mitogenome of L. bilineata produced with
MITOS web server. The first column (feature) is gene name, tRNA (with anti codons) or
origin of replication (oriH and oriL for leading and lagging strands respectively). The
last column (Adjacency) represents the distance between the present and its succeeding
feature. Note: Adjacency is negative for overlapping adjacent features; adjacency for
the last feature (oriH) is with the succeeding trnF since mitogenomes are circular.
Name Start Stop Strand Length Adjacency
trnF(gaa) 1 73 + 73 -1
rrnS 73 1017 + 945 -1
trnV(tac) 1017 1081 + 65 2
rrnL 1084 2613 + 1530 0
trnL2(taa) 2614 2686 + 73 0
nad1 2687 3655 + 969 7
trnI(gat) 3663 3734 + 72 0
trnQ(ttg) 3735 3805 - 71 -1
trnM(cat) 3805 3872 + 68 0
nad2 3873 4907 + 1035 -2
trnW(tca) 4906 4974 + 69 1
trnA(tgc) 4976 5044 - 69 1
trnN(gtt) 5046 5118 - 73 6
OL 5125 5150 + 26 -1
trnC(gca) 5150 5212 - 63 5
trnY(gta) 5218 5285 - 68 1
cox1 5287 6831 + 1545 -5
trnS2(tga) 6827 6896 - 70 3
trnD(gtc) 6900 6969 + 70 0
cox2 6970 7654 + 685 0
trnK(ttt) 7655 7719 + 65 1
atp8 7721 7882 + 162 -10
atp6 7873 8553 + 681 -1
cox3 8553 9337 + 785 -1
trnG(tcc) 9337 9405 + 69 0
nad3 9406 9751 + 346 0
trnR(tcg) 9752 9817 + 66 1
nad4l 9819 10115 + 297 -7
nad4 10109 11489 + 1381 0
trnH(gtg) 11490 11556 + 67 0
trnS1(gct) 11557 11622 + 66 -1
trnL1(tag) 11622 11692 + 71 3
nad5 11696 13519 + 1824 -5
nad6 13515 14030 - 516 0
trnE(ttc) 14031 14098 - 68 7
cob 14106 15248 + 1143 3
trnT(tgt) 15252 15318 + 67 17
trnP(tgg) 15336 15404 - 69 315
OH 15720 15929 + 210 1227
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Figure 1 – Representation of a contig cluster created from the synteny information
between L. viridis and L. bilineata (minimum contig length of 1 Mbp). The cluster
represents contigs positioned on the same chromosome. Nodes are the contigs of L.
viridis while the edges are from L. bilineata. Note: Only one of the 60 contig clusters is
shown in the figure.
iv
APPENDIX . ADDITIONAL INFORMATION
Positive selection
Table 3 – Genes with positively selected sites identified through the branch-site models
of PAML with L. viridis in the foreground branch and the uniprot ID along with the gene-
ontologies (incomplete list) of the most similar protein. The positively selected sites
(PSS) are provided along with the amino-acid (AA) change (position and transition),
the Pfam domain they occur in or PANTHER family of the protein. Note – If the PSS are
not present in any predicted domain, the last column is marked with ‘-‘.
Foreground branch Gene name Uniprot ID Gene ontology AA change Location of PSS
ASB3 A0A093H9J2 intracellular signal transduction 56 S(A) PTHR24188 - Unnamed
S22A2 G1KC28 dopamine transport 126 A(V) PF00083 - Sugar (and other)transporter
ZN777 H9G9J0 nucleic-acid binding 675 A(I) -
ENOF1 G1KHZ4 L-fuconate dehydratase activity;magnesium ion binding 116 Y(N) -
THG1 H9G7D3 tRNA processing ATP binding;tRNA guanylyltransferase activity 361 G(C)
PTHR12729:SF6 – tRNA-His
guanylyl transferase-related
MERTK1 H9GAY1
positive regulation of
phagocytosis; retina development
in eye; spermatogenesis;
vagina development
87 G(S) PTHR24416:SF257 - Tyrosineprotein kinase
RPA2 F7B818
embryo implantation; transcription
from RNA polymerase I
promoter; DNA binding
578 T(M) PF04565 - RNA polymerase Rpb2,domain 3
TDRD3 G1KDC8
chromatin binding; methylated
histone binding; transcription
co-activator activity
405 Y(H) -
L. viridis K1107 M7C7Q5 catalytic activity 1261 T(M) PTHR22427:SF2 - SI:CH73-389B16.2
ARL4D G1KNI4 small GTPase mediatedsignal transduction 132 G(S) -
ATG3 G1KJY0 protein ubiquitination;Atg12 transferase activity 178 E(M)
PF03986 - Autophagocytosis associated
protein (ATG3), N-terminal domain
LR16A G1K9V1 protein complex binding;urate metabolic process 281 A(V) -
LRCC1 G1KPG3 Uncharacterized 281 A(V) -
PGLT1 G1KP76
cardiovascular system
development; positive regulation
of Notch signaling pathway;
regulation of gastrulation
135 P(V) -
UGPA L9KQ61 UDP-glucose metabolicprocess 20 I(S) -
HYAL1 Q12794 response to UV-B 22 F(S) PTHR11769:SF23 - Hyaluronidase-1
ARSB P15848 chondroitin sulfate catabolicprocess 100 D(Y) PTHR10342:SF255 - Arylsulfatase B
v
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Table 4 – Genes with positively selected sites identified through the branch-site models
of PAML with L. bilineata in the foreground branch and the uniprot ID along with the
gene-ontologies (incomplete list) of the most similar protein. The positively selected sites
(PSS) are provided along with the amino-acid (AA) change (position and transition),
the Pfam domain they occur in or PANTHER family of the protein. Note – If the PSS are
not present in any predicted domain, the last column is marked with ‘-‘.
Foreground branch Gene name Uniprot ID Gene ontology AA change Location of PSS
CT2NL G1KUI5
negative regulation of
transmembrane transport;
protein dephosphorylation
307 A(S) PTHR23166:SF9 - CTTNBP2 N-terminallike protein
CLP1L U3JHI8 apoptotic process 405 T(H) PF05602 - Cleft lip and palatetransmembrane protein 1 (CLPTM1)
STAR7 H9GMT5 lipid binding 382 E(Q) PTHR19308 – Unnamed
CASC3 G1KB37
mRNA processing; RNA
binding; ubiquitin protein ligase
binding
368 T(K) -
F169A G1KIB1 uncharacterized 579 T(Q) -
UBIP1 G1KU12
regulation of transcription
from RNA polymerase II
promoter; transcription factor
389 A(T) PTHR11037 - Unnamed
L. bilineata FGL1 G1KFL2 uncharacterized 25 A(L)
PF00147 - Fibrinogen beta and
gamma chains, C-terminal
globular domain
NAA30 H9G450 peptide alpha-N-acetyltransferase activity 7 E(S) PTHR23091 – Unnamed
MGST3 J3S931 transferase activity Multiple PTHR10250:SF17 - Microsomalglutathione S-transferase
ILEU R4GC66 serine-type endopeptidaseinhibitor activity 343 M(V)
PF00079 - Serpin
(serine protease inhibitor)
SRPR H9G398
GTPase activity; RNA
binding; signal recognition
particle binding
323 K(V) -
RAE1 H9GKI1
protein geranyl-geranylation;
small GTPase mediated
signal transduction
57 S(H), 210 S(P) PF00996 - GDP dissociationinhibitor
PSPC1 G1KAB1 activation of innate immune response; mRNAsplicing; regulation of circadian rhythm 268 R(V)
PTHR23189:SF14 - Paraspeckle
component 1
GP155 H9GA78 cognition; intracellular signal transduction;transmembrane transport 634 N(D)
PTHR22829:SF5 - Integral
membrane protein GPR155
vi
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